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ABSTRACT

Rare-earth and transition metal-doped yttrium aluminum garnet (Y3Als012 or
YAG) phosphors have been widely used because ofvery stable chemical, mechanical
properties ofYAG and subsequent high ef�ciency ofdoped YAG phosphors. However,
to synthesize pure YAG phase is not an easy task. There have been many efforts on
making pure YAG materials by different approaches such as solid-state reaction, sol-gel,
spray pyrolysis, co-precipitation, and combustion method. But nearly all ofthese
techniques require high temperature (>1600C) and prolonged processing time.
In this work, rfmagnetron reactive sputtering was used to synthesize YAG thin
films at relatively low temperature and short processing period. An appropriate post heat
treatment, 10 hours at 1OOOC, was conducted to crystallize the films. A combination of
SOW for yttrium target, 130W for aluminum target, and a total pressure of3 mTorr gas
mixtures with 25 seem argon and 1.4 seem oxygen flow rate produced a Y3Als012
stoichiometric thin film which was verified by energy dispersive x-ray spectroscopy
(EDS). The x-ray diffraction (XRD) patterns ofthe annealed YAG films showed only
YAG peaks with a dominat peak ofYAG (420) at a 20 of33.33°.
Gadolinium-doped YAG thin films and chromium-doped YAG thin films were
synthesized in a combinatorial fashion. Gadolinium-doped YAG thin films emit at 312
nm due to 8 S112 - 6P7;2 intrashell 4f-4f transition which is in ultraviolet (UV) region.
YAG:Cr thin films have red emission at 687 nm due to 4A2 - 4E2 transition. The
combinatorial thin film sputtering technique rapidly determined the gadolinium and
chromium concentration that yielded the optimum luminescence intensity. It was
determined that a gadolinium concentration of--5.5 at% resulted in a maximum
IV

determined that a gadolinium concentration of-5.5 at% resulted in a maximum
Cathodoluminescence (CL) intensity. Similarly, a chromium concentration of-0.69 at%
contributed to the optimum Photoluminescence (PL) intensity ofYAG:Cr films. The
concentration quenching phenomena were discussed.
Based on the determined sputtering conditions that resulted in the optimum
luminescence Gd and Cr concentrations, a 23 full factorial design ofexperiments (DOE)
was conducted to investigate the effects that substrate temperature, substrate bias, and
oxygen flow rate have on the CL properties and the crystallinity ofYAG:Gd and YAG:Cr
thin films, respectively. DOE results showed thai increasing 02 flow rate decreases both
CL efficiency or PL intensity and film crystallinity, substrate temperature slightly
improves CL efficiency or PL intensity and has a negligible effect on XRD intensity, and
substrate bias enhances CL efficiency or PL intensity but decreases XRD intensity. The
effects ofthe parameters were thoroughly interpreted by correlating the composition and
morphology ofthe films. The results ofthe DOEs were analyzed by statistical methods.
Single factor studies for each ofthe variables, substrate temperature, substrate bias, and
oxygen flow rate, verified the DOE results. The combination oflow 02 flow rate and
high substrate bias was necessary in the optimum process condition which leads to the
highest CL efficiency or PL intensity ofYAG:Gd and YAG:Cr thin films.
The effect oftotal pressure ofthe Ar/02 gas mixture on CL efficiency and XRD
intensity was also investigated.
The PL temperature dependent behaviors ofYAG:Gd and YAG:Cr thin films
were studied in a temperature range of15-298 K using a Specs spectrometer equipped
with a photocounting detection system and a double grating monochrometer. The
V

thermal quenching phenomenon was observed on both YAG:Gd and YAG:Cr films. It
can be due to a significant increase in the non-radiative recombination at temperatures
above a certain temperature, in our case, -1 lOK. An activation energy of24.7 meV and
an A value of 2.08 were estimated for YAG:Gd films. The non-radiative activation
energy is suspected to be due to electron-phonon coupling.
Similarly, the PL temperature dependent behavior ofYAG:Cr film was
investigated. The observed sharp zero-phonon R-line emission ofYAG:Cr film is
believed to be due to 4E2-4A2 transition, instead of4T2-4A2 transition. A slight red-shift of
the sharp zero-phonon R-line emission was observed with increasing temperature. The
total integrated PL emission intensity was found to rapidly decrease at temperatures
above l lOK. An activation energy of25.2 meV and an A value of 1.44 were obtained
which may be also attributed to electron-phonon coupling.
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Chapter 1 : Literature Review
1.1

Sputtering
Sputtering was first observed when a metallic deposit was discovered on the glass

walls ofa discharge tube by Grove 1 in 1853 and Faraday2 in 1854. About halfa century
later, Goldstein3 accomplished the first ion-beam sputtering experiment and presented the
evidence that the sputtering effect was caused by positive ions ofthe discharge hitting the
cathode. Many scientists were involved in the study ofthe phenomena. Although the
understanding ofsputtering was limited until Stark4 proposed and analyzed extensively
the concept ofan individual sputtering event on an atomic scale initiated by positive ions.
He originated the hot-spot (or "spike") model ofsputtering, i.e., evaporation ofa target
material from a microscopically small region with a high local temperature due to
individual ion impact. This model resulted in a collision theory indicating sputtering as a
sequence of binary collision events by a bombarding ion, with the conservation theory of
elastic collisions applied. In 1934, Lamar and Compton5 pointed to the dominance of
binary collision processes in light-ion sputtering and oflocal evaporation in heavy-ion
sputtering. Almen6, RoI7 and Pease8 divided the sputtering event into two steps: the
creation ofa primary recoil atom by an incident ion and the subsequently development of
a cascade ofrecoil atoms with some ejected through the surface. From this, one can
predict the sputtering yield, Y, defined as the average number ofatoms removed from the
surface ofa solid per incident particle, as a function ofion type, energy, and angle of
1

incidence. Subsequent scientists, Leibfried, Lindhard, Thompson et al. developed the
theory of collision cascades, which is successful in calculating sputtering yield9 • As a
measure of the efficiency of sputtering, the sputter yield has experimental values ranging
from 1 0-5 to 1 03 • Among these values, the magnitudes of the range from 1 0- 1 to 1 0
represent the most practical for sputtering processes 1 0 •
Although sputtering phenomena of single-element metals can be described by the
above theory of collision cascades, sputtering of multicomponent solids and nonmetals is
determined by several additional processes. During particle bombardment of
multicomponent solids, the different components are generally not sputtered
proportionally to their concentration on the surface of the materials, which is called
preferential sputtering. Generally, the energy in elastic collision cascades is not equally
distributed among different mass atoms in the solid. Consequently lower mass atoms are
sputtered in larger ranges than higher-mass atoms, which results in lighter atoms being
preferentially sputtered from the surface. The different binding energies of different
atoms at the surface also influence preferential sputtering 1 1 .
After many years of study of sputtering, scientists proposed a simple most widely
accepted mechanism of sputtering: sputtered atoms are ejected via momentum transfer
processes, from the surface of the target materials, and then transported through a modest
vacuum to the substrate. The ejected atoms condense and form a film on the substrate.
The deposition rate depends on target materials, type of gas, pressure, and energy, etc.
As the understanding of the sputtering process becomes more and more accurate,
various sputtering methods have been developed. Most sputtering processes can be
conveniently divided into four major categories: DC sputtering, radio-frequency (RF)
2

sputtering, magnetron sputtering, and reactive sputtering (and combinations thereof).
These methods of sputtering were developed to meet the requirement in both theoretical
research and industry. DC sputtering is the most conventional sputtering method with
high deposition rate. But this technique requires both electrodes to be electrically
conductive, thus it is not applied to nonconductive materials (e.g. oxides.) deposition. RF
sputtering is suitable for insulator deposition since RF voltages can be coupled
capacitively through the non-conducting target to the plasma and the RF frequency is
high enough to maintain the plasma di&charge. Another advantage of RF sputtering is that
a film with good uniformity can be achieved by using this technique. But the deposition
rate of RF sputtering is much less than that of de sputtering since only half of the power
is used for sputtering. Reportedly, aluminum oxide sputtering with RF power has only 23% of the Al deposition rate because of the significant difference in atom binding
energy 1 2 • Magnetron sputtering was developed to increase deposition rate, because an
imposed magnetic field can increase the percentage of electrons that take part in
ionization events by changing their trajectory, thus significantly increasing the ionization
efficiency. In a typical planar magnetron arrangement, however, a "racetrack" region of
the target erodes faster than the center and edge, which may result in a deep groove in the
surface of the target. This can lead to poor utilization of the target material. Reactive
sputtering is used to deposit compounds, such as nitrides 1 3- 1 6 , oxides, sulfides, carbides
etc. In reactive sputtering, the reactive gas reacts with the metal atoms on the surface of
the target and or substrate, forming a compound film. The reaction and compound
formation can occur on the target or the substrate depending on operating conditions.
The different reactive sputtering processes will be described in detail in section 1.1 .5.
3

Among the compounds that have been reactively sputtered, reactive sputtering of oxides
had been difficult until recently. Oxygen reacts much more quickly with the target
surface than other cation species, and the insulating oxides formed on the target surface
can result in arcing, which prevents further sputtering and may damage the power
supply1 2• 1 7 • Since it can be seen that any one of the above sputtering methods has its
advantages as well as disadvantages, in many cases, the combinations of two or more of
them will be chosen for specific requirements. Among these combinations, rf reactive
magnetron sputtering, has attracted much interest as it is a useful way to explore a variety
of stoichiometries of the same cation-anion system. Using this method, many scientists
have sputtered oxides , such as ZnO 1 8 • 1 9 , NiO20 , WO32 1 , ZrO222, Ta2 O523 , ITO24.25 ,
TiCrA1O26 , Si0/7.28 , and Y2O/ 7•29•32 _ The details and mechanisms of the above
sputtering approaches will be discussed in detail in the following sections.

1.1.1 DC Sputtering
The mechanisms mentioned before about sputtering have dealt with DC sputtering.
The collisions can be distinguished as three cascades regimes depending on the energy
and mass of the incident ions as shown in Figure 1-1 . These regimes are: ( a) Single
knock-on, (b) Linear cascade, (c) Spike regime.
1.1.1.1 Single Knock-on

For low-energy and light-ion bombardment, the collision cascades are very dilute
and only involve a few atoms. The energy is typically in the lower and medium energy
regime. The bombarding ions transfer energy to target atoms. If the transferred energy is
4
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higher than the threshold energy, Eth, the minimum energy required to overcome the
binding energy of atoms to the surface (Us), the target atoms will be ejected through the
target surface and then sputtered on the surface. Typically, the values for Eth range from 5
to 40 eV and depend on the nature of incident ion and the mass and the atomic number of
the target atoms. A convenient estimate of the binding energy, Us, is assumed to be the
heat of sublimation or vaporization which has typical values between 2 and 5 eV. Eth is
related to Us through the energy transfer coefficient of a binary collision.
1.1.1.2 Linear Cascade

Under bombardment with ions of medium or high mass at energies in the keV
range, the collision cascades get larger and denser. Recoil atoms from ion-target
collisions receive sufficiently high energy to generate recoil cascades. The density of
recoil atoms, however, is so low that knock-on collisions dominate and collisions
between moving atoms are infrequent. Most collisions involve one moving and one
stationary particle. Many scientists have theoretically modeled sputtering in the linear
cascade regime. P. Sigmund provided the most widely accepted theory about sputter yield
in this regime33 •
The sputter yield, S, is viewed as a product of two terms, that is,
S = AF'n (E)

Where A is a material constant, reflecting those materials properties such as Us, the
range of displaced target atoms and the number of escaped recoil atoms that overcome
the surface barrier of the solid. The second term, Fn ( E) , is the energy deposited on the
surface and depends both on the type, energy and incident angle of the ion and on the
6

target parameters. Fv ( E) is proportional to the nuclear stopping power, Sn (E) .
Therefore, in the linear cascade regime, for energies above 1keV, an equation to calculate
the sputter yield is provided as the following:
S = 0.042aSn (E) / Us
Where a is a coefficient related to the incident ion angle and the ratio of the mass ofthe
target and ion species. In this regime, the sputter yield is linearly proportional to the ion
energy, i.e., the energy deposited per unit depth.
1.1.1.3 Spike

For ions with high atomic number or sufficiently high energy (>100keV), the
cascades leading to sputtering are very dense so that a major part of the target atoms
within the cascade volume are released from their lattice site and set in motion, which
results nonlinear effects. At the larger energies, the cascades are split into dense
subcascades. In this spike regime, generally a local thermal equilibrium is not
established9• 1 1 •34 • Atoms within the spike resemble a high-temperature pressurized gas
bubble. Ejection ofatoms in such a thermal spike can result from vaporization instead of
pure momentum transfer processes. Localized defects, structural rearrangement and
radiation damage occur in the process, each at characteristic critical ion-impact energy 1 0 •
The sputter yield in this regime depends on the spike temperature and vapor pressure of
the material.
From a basic understanding ofthe sputtering process, it is not difficult to notice that
the film deposition rate depends on the sputtering pressure, bias, and current. At low
pressures, noble gas ions are generated farther from the target with a greater chance of
7

being lost to the chamber walls. The mean free electron path between collisions is larger
at lower pressures, and electrons collected by the anode are not replenished by ion
impact-induced secondary electron emission at the cathode. Therefore, for DC sputtering,
ionization efficiencies are low and self-sustained discharges can not be maintained at low
pressures below -1 OmTorr. Ionization efficiency gets higher when the electron mean free
path decreases as pressure increases at a fixed voltage. Meanwhile, current flow becomes
larger as well. But if pressure is too high, sputtered atoms undergo more collisional
scattering, and are not efficiently deposited on the substrate. So it can be seen that there is
a maximum for the sputter yield or deposition rate35 , as shown in Figure 1-2.
A relation used for estimating the film growth rate during DC sputtering is36 :
G( cm ) � pd < x,h >
s
gp(l + Ye ) E
where Pd is the discharge power density (W/cm.2), < x,h > is the mean distance from the
cathode sputtered atoms travel before they become thermalized, g is the cathode-anode
gap distance, P is the atomic density (atoms/cm\ re is the Townsend secondary
electron emission coefficient, and E is the average sputtering energy. The above
expression reflects the important experimental observations that the deposition rate
depends largely on applied power and scales inversely with gap distance, when pressure
and cathode voltage are both fixed.
The film deposition rates for DC sputtering are very low, typically a few tens of
nm/min for many metals, which are not useful in production. These rates, unfortunately,
cannot be significantly raised by increasing operating pressure, because in addition to
more gas scattering, increased amount of contaminant gases such as oxygen and water in
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Figure 1-2: Influence of working pressure and current on film deposition rates in non

magnetron sputtering35 •
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the chamber may cause the target surface to be oxidized. Subsequently, the thin oxide
film, an insulator, forms on the target, which reduces the current and deposition rate.
Although DC sputtering was the first sputtering technology to be used and is very
simple, the technique itself is no longer practical. Generally, the conventional DC
sputtering is combined with some other methods. Wong et al synthesized
zirconium oxide with high deposition rate by using reactive DC magnetron sputtering37,
and they also used pulsed DC supplies to efficiently suppress arcing during sputtering
process.

1 .1.2 RF Sputtering
RF sputtering was developed when insulating films like SiO2 were desired. For
DC sputtering, calculations illustrate that assuming the target thickness is 0. l cmin order
to achieve a current density of l mA/cm2 a voltage of 1 0 12 V is required. If a convenient
voltage of -1 00V is set, a target with a resistivity exceeding 1 0 6 n · cm could not be DC
sputtered. This problem can be solved by applying high-frequency plasmas because the
impedance of a capacitor decreases with increasing frequency.
In the range of low-frequency RF, ions are sufficiently mobile to establish a
complete discharge at both anode and cathode in each half cycle. DC sputtering
conditions essentially dominates both electrodes, which alternate as cathodes and anodes.
But for high-frequency RF (> 1 MHz), there are some significant effects that occur. First,
ionizing collisions appear since electrons in the glowing region obtain enough energy.
The collisions may sufficiently sustain the discharge even without secondary electrons
emitted from the cathode. Secondly, the voltage can be coupled through any kind of
10

impedance at radio frequency so the electrodes do not have to be conductors. This makes
it possible to sputter any material at any substrate regardless ofits conductivity. The third
important effect at high frequency is that heavy ions do not respond to the ac signal
whereas the lighter electrons still respond. To understand rfsputtering, it is instructive to
discuss how the negative target self-bias arises during the initial ac pulses. When the self
bias develops, the target behaves like a DC target where positive ions bombard the target
and sputters near surface atoms which get collected on the receiving substrate. The
negative target bias occurs because electrons are much more mobile than ions, and they
can easily follow the periodic change in the electric field. The discrepancy between
electron and ion mobility means that isolated positively charged electrodes draw more
electron current than comparably isolated negatively charged electrodes draw positive ion
current. Consequently the discharge current-voltage curve shows an asymmetric
characteristic in Figure 1-3, like a diode.
As shown in the figure, when the AC signal is applied to the target, a large initial
electron current is drawn during the positive halfofthe cycle. While only a small ion
current flows during the second halfofthe cycle. This results in a nonzero net current
over a whole cycle. But because no charge can be transferred through the capacitor, the
operating point on the C-V curve shifts to a negative voltage, i.e., the target self-bias.
Although RF sputtering can deposit all kinds ofinsulating and conductive films,
the deposition rates are generally very low. Film stoichiometries can be problematic as
metal-rich films tend to be deposited. Considering the difficulty to make high purity
compounds such as oxides and nitrides targets, as well as the expense ofthe RF power
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supplies, simple noble gas RF sputtering has only limited industrial use. In practice, RF
sputtering is often combined with some other methods, for example, RF reactive
sputtering can eliminate thermal stress cracking of ceramic and oxide insulators.

1 . 1 .3 Magnetron Sputtering
As a widely used technique, magnetron sputtering typically has more current by one
or two orders ofmagnitudes than DC sputtering at the same applied voltage. This
translates to higher deposition rates at equivalent powers. Another important advantage of
magnetron sputtering is reduced operating pressures. Typically, in magnetron sputtering,
even at pressures of a few millitorr, sputtered atoms are ejected in a ballistic fashion and
arrive nearly collision-free at the substrate. Gas phase collisions and scattering at high
pressures can be avoided in magnetron sputtering. The reason is that the displacement of
the Paschen curve lowers Pxd (where P is the pressure and d is the electrode spacing)
values relative to simple discharges. High pressures randomize the directional character
of the sputtered atom flux and decrease the deposition rate. Therefore, a stable discharge
can be maintained at lower pressures for the same electrode spacing and minimum target
voltage.
Unfortunately, in magnetron sputtering, especially in planar magnetron sputtering,
targets erode preferentially in the racetrack region where the plasma is most intense. This
results in a racetrack depression surrounded by a much larger target area that suffers less
erosion ofmetal. Problems may occur during magnetron sputtering. They include low
efficiency, increased probability ofarcing because the racetrack remains metallic while
the surrounding target area is covered with insulating films due to inhomogeneous metal
13

loss, the decreased uniformity of deposited films since the magnets are effectively closer
to the eroded surfaces and the resulting magnetic field changes the operation conditions
of the magnetron.

1.1.4 Substrate Bias
In order to vary the flux and energy of depositing charged species, a negative bias is
often applied to the substrate. A typical value of a bias ranges from -50 V to -300 V.
Investigators widely accept that a bias controls the film gas content. The fraction of gas
atoms incorporated into the films is inversely proportional to V; , where Vb is the bias
voltage. During film growth gases absorbed on surface of the growing film can be re
sputtered during low energy ion bombardment. In such cases, both physisorbed species
and chemisorbed gases have larger sputtering yields as well as lower sputter threshold
voltages. Energetic-particle (e.g., Al) bombardment before or during film formation and
growth results in numerous changes and processes, including removal of contaminants,
alteration of surface chemistry, elevated film temperatures, and crystallization of films. In
other words, a wide variety of film properties can be modified simply by application of
substrate bias. Practical applications include improved film adhesion, increased film
density, reduction in film resistivity, change in film hardness and residual stress, and
improved electrical properties, etc. The technique of applying bias has been widely used
in all sputtering configurations, such as DC, RF, magnetron, and reactive sputtering.

14

1.1.5 Reactive Sputtering
Compound films, such as oxides, nitrides, carbides, and sulfides, can be deposited
on substrates from the metallic targets in the presence ofa reactive gas (e.g., 0 2 , N2)
mixed with a noble gas (normally Ar). This is so-called reactive sputtering.
The reactive gas flow has a large effect on deposition rate and cathode voltage in the
reactive sputtering, as shown in Figure 1-4. There are two stable states in the system, i.e.,
metal and compound. In addition, an intermediate metastable state between metallic and
nonmetallic states is present. As the reactive gas flow rate increases, the atomic ratio of
reactive gas dopant to sputtered metal increases. Since ion induced secondary electron
emission is usually much higher for compounds than for metals, the plasma impedance in
compounds is effectively lower than that in metals.
The sputtering rate ofdrops dramatically when compounds form on the targets
because the sputter yield ofcompounds is relatively low compared to metals. Since it is
easier to make high purity metal targets versus compound targets, compound films with
high purity can be achieved by using reactive sputtering. In addition, metal targets
dissipate heat much better than compound targets so higher power can be delivered to
metal targets relative to compound targets.

1 . 1 .6 Combination of Reactive Sputtering and Magnetron

Sputtering
Practically, only one ofthe four sputtering methods cannot be satisfied due to
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more and more detailed needs in academic and industrial areas. More recently, reactive
magnetron sputtering has been widely used in superconductor3840, semiconductor, and
display technologies25 •4 1 •42 • In these cases, studies have been focusing on multicomponent
oxides. Multicomponent oxides can be sputtered by using an RF power or a DC power
supply. The latter power supply leads to a high deposition rate, but it is only suitable for
conductive films such as YBCO, which is a superconductor. While most oxides are
nonconductive, therefore, rf reactive magnetron sputtering has been used more
extensively. Multicomponent oxides films can either be deposited from compound targets
or from multiple metal targets combined with reactive gases. When using compound
targets, the film deposition rate will be very low. And usually, a non-DC power supply is
required. The advantage is only one sputter gun is required by utilizing this method. The
deposition rate can be a lot higher by using multiple metal targets. Under this
circumstance, to obtain the required film stoichiometry, good control of reactive gas, i.e.,
a suitable gas ratio (OilAr) has to be ensured. The oxidation ofany one of the targets can
lead the films to off-stoichiometry.
Cao et al.38 deposited a bilayer film ofPZTNBCO to optimize the fabrication
process ofthe superconducting filed-effect transistors. The YBCO film was first
sputtered from a sintered YBCO target by DC magnetron sputtering under a 60 Pa
mixture (O2 :Ar = 1 :3). Subsequently, the Pb(Zr, Ti)O3 (PZT) films from compound PZT
target with 70W rfpower. The gas mixture used was O2 /Ar (= 1:3) with a total pressure
of5Pa. H.S. Kim et al.39 recently investigated the DC sputtering conditions for the yttria
stabilized Zr02 (YSZ) buffer layers ofcoated conductors. YSZ films with good texture
and surface morphologies were fabricated. And the deposition rate ofthe YSZ films can
17

be up to 6Onm/min. Specht et al. 4 deposited Ce02NSZ/Ce02 buffer layers by reactive
0

DC magnetron sputtering using metallic targets and Ar and H20 as the sputtering and
reactant gases.
In the past over 1 0 years, many efforts have been made on indium-tin oxide (ITO)
deposited by reactive sputtering of a ceramic ITO target or a metal In-Sn alloy target.
ITO has been widely used as a transparent conducting oxide (TCO) in many
optoelectronic devices such as liquid crystal displays (LCD), plasma displays, and solar
cells. By using DC reactive magnetron sputtering with a metal In-Sn alloy target in an
Ar/02 gas mixture, Karasawa43 achieved a resistivity of about 7x 1 04 0cm and visible
transmission of about 90% for a wavelength of 420 run. Matsuda et al. 2 ·41 •42 sputtered
5

ITO films from an ITO target in SmTorr Ar/02 mixture by DC reactive magnetron
sputtering. The effects of 02 partial pressure on deposition rate and resistivity of the ITO
films were also discussed. Other TCO films consisting of multicomponent oxides have
also been developed in recent years. These films are either combinations of binary
compounds such as ZnO, CdO, In203 , and Sn02 , or consist of ternary compounds such as
Zn2 Sn0/4, Mgin20/5 , CdSb206 :v46 , ZnSn0/7, Gain0/8 , Zn2 ln20/9 and Ill4Sn3 0 12 as
50

well as their combinations. When using combinations of binary compounds, e.g., ZnO
and In203 , it should be noted that transparent conducting Zn2In2 05 films could be
prepared in multicomponent oxides composed of all composition ratios of ZnO and
In203 . The minimum resistivity, corresponding to the maximum carrier concentration,
was obtained by altering the Zn content49 • Similar phenomena were observed in
multicomponent oxides composed of ZnO and Sn02 or ln203 and Sn02 . There were also
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observable composition dependence of electrical, optical, and chemical properties in
Zn2 SnO444 , In.iSn3O1250 films.
Sproul51 reported that multilayer oxide films of yttrium oxide and zirconium
oxide (Y 2O3/Zr02) and AhO3/Zr02 were deposited via reactive magnetron sputtering by
using a pulsed DC power and partial pressure control of the reactive gas (02). Both films
were optically clear with relatively high deposition rate (--75% of metal rate). The
Y 2O3/Zr02 films were crystalline, while AhO3/ZrO2 films were amorphous.

1.2

Yttrium Aluminum Garnet (YAG) and Rare earth and

Transition Metal-doped materials
1 .2.1 YAG Applications
Yttrium aluminum garnet (Y 3Al5 O12, YAG) was first synthesized in 1951 and was
3
first used in 1964 as a laser host medium at Bell Laboratories52 ·5 . It has been widely
studied in the application of fluorescent and solid state lasers 54-57.
Neodymium doped YAG (YAG:Nd) is the most widely used solid state
laser52 ·5 8·59 because ofa wide variety ofapplications in medicine, materials processing
etc., due to its good mechanical strength, excellent thermal stability, and high efficiency.
Figure 1-5 and Figure 1-6 show how a laser works and the schematic energy level

diagram of this four-level laser, respectively. A YAG:Nd laser operates at a number of
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wavelengths in the infrared regime60 . The band at l .064µm due to the 4F3 12_. 4 1 1 1 12
transition52 is the most common one60 . The transition at 1 .064µm is very intense and
efficient. The high thermal conductivity of YAG:Nd allows for the rapid removal of
wasted heat due to inefficient excitation in the medium, and consequently enables the
laser to produce a continuous beam of high quality. The YAG:Nd laser is capable of
substantial power output (up to 1 1 4 Watts) 62 , which is critical for many applications.
YAG is a hard material that does not damage easily under conditions of high
irradiance with an electron beam. Therefore, rare-earth-doped YAG materials are
promising phosphor candidates on cathode-ray tubes (CRTs) 56·63 , field emission displays
(FED)64 ·65 , scintillators66-68 , vacuum fluorescent displays (VFDs) and electroluminescent
(EL)69-72 . YAG is used as the host material of full color phosphors by changing the
1
doping materials such as Tb 65·69·73 -75 , Eu7 1 ·76-80 , Cr8 -85 , and Tm84 ·86-88 . YAG powders
containing controlled amounts of impurity ions such as Cr3+, Eu3+ , and Tb 3+ are known to
be phosphors whose fluorescence properties vary with temperature. As important
components in cathode ray tubes (CRTs), the YAG-based phosphors are expected to
replace currently used sulfide-based materials due to their increased thermal stability8 1 .
To achieve a better resolution in CRT screens, high purity, fine particle size, and high
crystallinity are required for phosphor powders. YAG phosphors have all of these desired
properties.

1 .2.2 YAG Synthesis Methods
Conventionally, YAG materials have been prepared by solid state reactions using
1
yttria (Y2O3 ) and alumina (AhO3 ) compounds54·55·57 ·70· 7 ·82 ·8 9 . The yttria-alumina system
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has several stable phases including YAlO3 (YAP), Y 4A}iO9 (YAM) and Y3AlsO 1 2
(YAG). Commonly, YAP and YAM are formed as intermediate phases ofYAG particles
in solid-state reactions. Therefore, this process involves extensive heat treatments at high
temperatures (typically, >1600° C} because ofthe refractory nature of the oxide
precursors. For multi-element compositions, an incomplete reaction is often obtained
with undesirable precursor products present in the final product. This technique requires
several heating and grinding steps in order to achieve well-reacted, small particle size and
pure YAG phosphors. Liquid phase methods like chemical reaction methods are also
used in the preparation ofsingle-phase YAG particles at lower sintering temperatures.
However, the prepared particles can have irregular shapes, and milling processes are still
required to obtain finer particles. To date, the chemical synthesis of YAG phosphors
3 3
mainly includes sol-gel techniques64•7 1 ·7 ·77•8 ·90 , spray pyrolysis76·78 ·80, co
3
precipitation59'8 1 '9 1 -9 and combustion56·74·75 ·79·85 ·94-96 synthesis. For the chemical methods,
such as sol-gel and coprecipitation methods, dilute solutions ofmetal-organics or metal
salts are reacted and condensed into an amorphous or slightly crystalline phase. The
advantage ofthese methods is that atomically mixed powders are obtained in the as
synthesized condition and problems associated with incomplete reactions are avoided.
However, these as-synthesized materials must also be heat treated to high temperatures to
crystallize the desired phase. The sol-gel method has some disadvantages, such as the pH
control, the cost ofthe raw materials and the in-stability of the sol in the air59. As a
chemical method, combustion synthesis fabricates relatively homogeneous and more pure
phosphor. This method, however, is complex and requires a good fuel that reacts non
violently, produces non-toxic gases, and acts as a complexant for metal cations95 . There
23

are quite a few experimental parameters which are critical and need to be well-controlled
as well.
1 .2.2.1 Solid State Reactions

YAG crystals have been fabricated conventionally by using solid state reactions.
A typical solid state reaction54 •82· 89 involves mixing pure yttria and alumina (usually
>99.99% purity) in the desired molar ratio (Y/Al=3/5 for synthesizing YAG). The
powders are dried and heat-treated up to 1 600°C to obtain pure YAG phase. The reaction
between AhO3 and Y2O3 occurs by the diffusion of Al into Y2O3 . Before YAG develops,
there are two other intermediate phases that exist. The reaction sequence proceeds by a
series of reactions corresponding to the various temperatures shown below:
Y2 O 3 + Al 2 O 3 = Y4 Al 2 O 9 (YAM) (900 - 1 1 00°C)
YAM + Al 2 O 3 = 4YA1O 3 (YAP) ( 1 1 00 - 1 250° C)
YAP + Al 2 O 3 = Y3 Al 5 O 12 (YAG) (1 250 - 1 600° C)

(1)
(2)
(3)

As aluminum diffuses into Y2 03 during a heat treatment, the YAM phase starts to
form. This reaction starts at about 950°C, and as it proceeds, the Al continues to mix with
the Y203 but also diffuses into YAM to form YAP at about 1 1 00°C. As temperature
reaches to approximately 1 250°C, the AhO3 reacts with YAP to produce YAG in the end.
Xu et al. 97 ·98 grew YAG and Yb:YAG crystals using the Czochralski technique.
The 99.999% grade raw materials were appropriately predried and weighted according to
a definite molar ratio, and uniform mixing was carried out in a ball mill coated with
polyethylene. The mixture was pressed into blocks with diameter close to the inner
diameter of the crucible at high pressure and then sintered in an aluminum crucible at
13 50° C for 24 h. The charge was then loaded into Ir crucibles for crystal growth. The
24

optimal growth conditions were found to be as follows: rotation rate 10-20 rpm, pull rate
1 mm/hour under the nitrogen or argon atmosphere. The initial growth boundary in solid
melt was convex towards the melt so that the dislocations and impurities were reduced or
eliminated. After that, the growth boundary became flat. In order to prevent the crystal
from cracking, the crystal was cooled to room temperature slowly after growth.
1.2.2.2 Sol-gel Process 64'7 1'73'77'83'90

Wei-Tse Hsu et al. 77 prepared europium doped YAG phosphors using a sol -gel
process at various temperatures from 800°C to 1400°C. In this sol-gel process, citric acid
and ethylene glycol were used as the gelation agents, while yttrium nitrate, aluminum
nitrate and europium oxide were used as starting materials. The nitrates were dissolved in
deionized water and europium oxide was dissolved in dilute nitric acid. The solutions
were then mixed according to the chemical formula ofY2 .ssEUo. 1 sAlsO 12 . The molar
concentration ofall metal ions in the solutions was adjusted to 0.2M. A molar ratio of1:3
ofall metal ions to citric acid (the ratio ofcitric acid to ethylene glycol in the gelation
reagents was 1:1.5) was maintained. The nitrates and citric acid were mixed and stirred
for 1.5 hours, then the ethylene glycol was added and the solution was heated at 130°C
on a hot plate for 1.5 hours. The solution was evaporated at 300°C to initiate the gelation
reaction and the solution became a dry gel. After grinding the dry gel, the precursor
powders were obtained and calcined at different temperatures in the range of800°C to
1400°C for 2 hours. In order to compare the powder properties under different synthesis
methods, they also prepared YAG:Eu phosphors with same doping concentration by
using the conventional solid-state reaction method with the reaction temperature of1500°
25

C. They observed that the powders obtained via sol-gel process started to have pure
YAG phase when the calcination temperature reached 900°C, while the powders prepared
at 800°C were still amorphous. The powders calcined at 1500°C for 8 hours via solid
state reaction process still had an intermediate phase, namely, yttrium aluminum
monoclinic (YAM) phase. The crystallinity ofthe powders increased with increasing
calcination temperature, and above 1000°C, the powders had better crytallinity than those
obtained via solid-state reaction method. The photoluminescence (PL) emission spectra
showed the sol-gel-derived YAG:Eu phosphors had significantly higher emission
intensity than those solid-state reaction derived phosphors. The authors proposed that the
reagents formed numerous tiny enclosures, trapping the constituent cations and leading to
a shortening ofthe interdiffusion length and an increase in the reactivity of the
precursors. The increased cystallinity and improved distribution ofactivators in the sol
gel-derived powders was the suggested enhanced the PL mechanism.
1.2.2.3 Spray Pyrolysis Method76,78 ,80

Zhou et al.

80

prepared YAG:Eu phosphors by a two-step spray pyrolysis (SP)

method starting from nitrate aqueous solutions with citric acid and polyethylene glycol
(PEG) as additives. The starting materials for YAG based phosphors were rare earth
oxides Y 203, Eu2O3 and Al(NO3}3-9H2O. Y 203 and Eu2O3 were dissolved in dilute nitrate
acid under stirring and heating. Subsequently, stoichiometric Al(NO3)3-9H2O was added
in a Y :Al molar ratio of 3:5 and the mixture was stirred for 0.5 h. Then an appropriate
amount of citric acid mono-hydrate (citric acid/metal ion=2: 1) and polyethylene glycol
(PEG, molecular weight= l 0,000, A. R.) was dissolved in the above solution and the
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resulting mixture was stirred for 2 h. The solution was then loaded into a spray pyrolysis
(SP) apparatus to obtain SP precursor particles. Finally, the above precursor particles
were sintered at various temperatures (800-1200 °C} for 4 h in air. Figure 1-7 shows the
schematic diagram ofthe spray pyrolysis apparatus.
It was observed that the YAG phosphors derived from the above SP method had
spherical morphology and narrow size distribution. The authors noticed the PL emission
intensity increased with increasing the dopant concentration as well as increasing
sintering temperature. This was thought to be due to the increase ofthe phosphor particle
size and crystallinity. The comparison between phosphors obtained by SP method and
those by sol-gel method showed the former resulted in a higher PL emission intensity.
1.2.2.4 Co-precipitation Method59,st,9t-93

Li et al. 93 used ammonium hydrogen carbonate as the precipitant to synthesize
yttrium aluminum garnet (YAG) precursors from a mixed solution ofaluminum and
yttrium nitrates via coprecipitation. The carbonate precursor, with an approximate
composition ofN�AlY 0.6(CO3 )1.9(OH)2 • 0.8H2O, transformed to pure YAG at 900 °C
without the formation ofintermediate phases. The precursor was then calcined at 1100 °C
to produce YAG powder. The YAG powder densified to 99.8% ofthe theoretical density
by vacuum sintering at 1500 °C for 2 hours. Less agglomeration ofthe precursor and
good dispersity ofthe resultant YAG powder were attributed to the excellent sinterability.

27

.,.

!

Collecdq.

Figure 1- 7 : shows the schematic diagram of the spray pyrolysis apparatus80 •
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Matsubara et al. 92 prepared Cr doped YAG phosphors by a heterogeneous
precipitation technique. The first step was to prepare aluminum hydroxide powders and
used those powders as seed particles. In the second step, yttrium and chromium
hydroxides covered the surface of the aluminum hydroxide particles from a sulfate
solution.
Figure 1-8 shows the flowchart for the preparation of YAG precursor powders.

Commercially

available

yttrium

sulfate

Y 2 (SO4)3 ·8H2O,

aluminum

sulfate

Ah(SO4)3'xH2O (x = 14--18), chromium sulfate Cr2 (SO4)3 ·xH2O, and urea were used
without further purification. The metal sulfates were dried at 120° C for 1 day. Aluminum
sulfate (5g) and urea (10 lg) were dissolved in 290ml of deionized-distilled water. The
solution was continuously stirred in a temperature range of80--90° C and held for 2 hours.
The clear solution turned cloudy after 15 minutes due to the precipitation of aluminum
hydroxide. The resulting white precipitates were washed and centrifuged with deionized
distilled water and isopropanol, then dried at 120° C for 1 day. The amount of hydrated
water in the starting aluminum hydroxide was determined by converting the hydroxide to
aluminum oxide and measuring the weight loss. The formula obtained was
Al(OH)3 ·2.3H2O. The aluminum hydroxide (1.776g, 14.95 milli-mol of Al) was
suspended in 210ml of deionized-distilled water. To avoid aggregation of the powders,
the suspension was stirred vigorously for 2 hours. Urea (101g) was added to the
suspension and dissolved. Yttrium sulfate (2.09g, 8.972 milli-mol of Y) and appropriate
chromium sulfate were dissolved in 110ml of deionized-distilled water. After mixing the
solution and the suspension together, it was heated to 80--90° C and held for 1 hour with
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Figure 1-8: Flowchart for the preparation of YAG precursor powders by coprecipitation

method92 •
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constant stirring. The resulting precipitates were washed and centrifuged at least twice
with deionized-distilled water and isopropanol; they were then dried overnight at 120° C.
The precursor powders were then heated to 900-1700° C for 2 hours in air.
1.2.2.5 Combustion Method56'74'75'79'85'94-96

This process involves the exothermic reaction of an oxidizer such as metal
nitrates, ammonium nitrate, and ammonium perchlorate, and an organic fuel, typically
urea (CH4N2O), carbohydrazide (CH6N4O), or glycine (C2HsNO2). The combustion
reaction is initiated in a muffle furnace or on a hot plate at temperatures of 500° C or less.
In a typical reaction, the precursor mixture of water, metal nitrates, and fuel decomposes,
dehydrates, and ruptures into a flame after about 3-5 min. The resultant product is a
voluminous, foamy powder which occupies the entire volume of the reaction vessel. The
chemical energy released from the exothermic reaction between the metal nitrates and
fuel can rapidly heat the system to high temperatures (>1600° C) without an external heat
source. Combustion synthesized powders are generally more homogeneous, have fewer
impurities, and have higher surface areas than powders prepared by conventional solid
state methods. The mechanism of the combustion reaction is very complex. The
parameters that influence the reaction include: type of fuel, fuel to oxidizer ratio, use of
excess oxidizer, ignition temperature, and water content of the precursor mixture. In
general, a good fuel should react non-violently, produce non-toxic gases, and act as a
complexant for metal cations. Complexes increase the solubility of metal cations, thereby
preventing preferential crystallization as the water in the precursor solution evaporates.
The adiabatic flame temperature, Tr, of the reaction is influenced by the type of fuel, fuel
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to oxidizer ratio, and the amount of water remaining in the precursor solution at the
ignition temperature. The flame temperature can be increased with the addition of excess
oxidizer such as ammonium nitrate, or by increasing the fuel/oxidizer molar ratio. The
following equation can be used to approximate the adiabatic flame temperature for a
combustion reaction:

where fl.Br and fl.Hp are the enthalpies of formation of the reactants and products,
respectively, Cp is the heat capacity of products at constant pressure, and To is 298 K.
Measured flame temperatures are typically lower than calculated values of flame
temperature as a result of heat loss.
A typical stochiometric combustion reaction of yttrium, aluminum and terbium
nitrate with carbohydrazide to form {Y 1 -xTbx)3Al5 0 1 2 (Tb can be substituted by other
dopants as needed) is:

1.2.2.6 Comparison of Synthesis Methods

Pan et al. 96•99 investigated the different YAG synthesis methods mentioned above
based on Ce-doped YAG phosphors. YAG:Ce phosphors were synthesized by different
methods: solid-state reaction (SS), co-precipitation (CP), sol-gel (SG) and combustion
(CB). They studied the crystallization, morphologies, particle size and luminescence
characteristics of the phosphors obtained under different experimental conditions.
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The X-ray diffraction (XRD) results demonstrated that there were still intermediate
phases, YAP and YAM, coexisting with YAG phase by SS at 1300°C, while 1000 °C was
adequate to obtain pure YAG phase by SG, CB, and CP. The XRD intensity of each
chemical method was comparable to each other. This suggested that the crystallization
temperature by SS is much higher than the chemical methods.
Uniform and spherical nanoparticles of YAG:Ce with homogeneous microstructure
were obtained by CP and SG at 1000 °C for 5 h. The YAG particles with large irregular
shapes were obtained by CB because this method produces a large quantity ofgases, such
as N2 , CO2, and oxides of nitrogen by the combustion of urea, resulting in many pores.
After repeated sintering at high temperature in SS, large and irregular particles of YAG
with extensive aggregates were obtained.
Luminescence intensity of the phosphors obtained through CP, SG, and CB
methods calcined at 1000 °C was much higher than that of the product through SS
method calcined at 1300 °C. This is due to a molecular-level mixing ofraw materials and
the decrease ofcrystallization temperature through the combustion of organic reagents in
wet chemical methods. The lower emission intensity of the phosphor obtained by SS at
1300 °C is mainly attributed to an incomplete crystallization of YAG as mentioned
before. Furthermore, since the gases produced by the decomposition oforganic molecules
in SG and CB methods reduced the Ce ions and protects Ce3+ from oxidizing, phosphors
can be directly prepared from their precursors in air, while CO should be used for
reducing Ce ions in SS. However, after the second time of sintering the phosphors at
1500 °C under CO flow, the luminescence intensity of the phosphor obtained by SS was
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the strongest, and that by CB was the second and those by SG and CP were lower. The
reason why the emission intensities of the products obtained by the wet chemistry
synthesis methods are lower than that by solid-state reaction method, may be attributed to
the different morphology of the products and different environment around the Ce3+ ion,
which induces the different splitting ofthe d-level and spectral band shift.
In conclusion, at high temperature, such as at 1500 °C, solid-state reaction and
combustion method are preferred for high luminescence intensity though large irregular
particles have been obtained. Those from co-precipitation and sol-gel methods give rise
to spherical particles with small sizes but have severe aggregation and relatively low
luminescence intensity although the crystallization temperature was much lower.

1 .2.3 YAG Structure
There are several stable phases, Y 3Al5O 12 (YAG; garnet structure), YAlO3 (YAP;
perovskite structure), and Y 4AhO9 (YAM; monoclinic structure), known in the pseudo
binary phase diagram of Y 2OrAhO 3 system shown in Figure 1-9. Among the three
phases, the YAG phase is highly stable from low temperatures up to its melting point. No
transformations have ever been reported in its solid phase. YAG crystallizes in the cubic
0�0 - Ja3d , and Z=8 space group82, as shown in Figure 1-10. Its cubic structure is very
complex, and does not have any apparent easy slip directions. YAG has low dislocation
densities and very small strain and inhomogeneity as long as the crystals are grown
slowly. For simplicity, the unit cell ofa compound with the garnet structure A3 B 5O 12
shown in Figure 1-1 1 illustrates YAG structure. The Al atoms occupy two types ofsites
34

2400

24400

hex-Y20.l + liq.
-

2000 -

Uquid

(5i) 231 0-

1 9 67°

9 420 .
. .1 9 1 7• 1
(43,C)
1 9 1 0°

1 600

1 2000

1 00
1Jz03

Yz
"3

Figure 1-9: The pseudo binary phase diagram ofY-Al-0 system.

35

Figure 1-10: The structure ofYAG and YAP phases.
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with different oxygen coordinations: 16 octahedral a positions and 24 tetrahedral d
positions. The a sites form a body centered cubic lattice while the 24 Y atoms lie in
dodecahedral c positions. These atoms are surrounded by 8 oxygen atoms which form the
comers of a distorted cube. The site symmetry at the place of the Y atoms is
orthorhombic.

1 .2.4 Gadolinium As a Dopant
In the past 20 years, the luminescence materials containing gadolinium have
received considerable attention because of the quantum cutting 1 0 1 and down-conversion
exhibited 1 02 • Before people can understand these phenomena well, a detailed analysis of
+
the UV energy level scheme of the Gd3 ion with the 4f7 electron configuration 103 is

required. For the purpose of environmental protection, new UV emitting substances have
to be developed to replace the mercury that supplies the exciting UV radiation to the
phosphors in tricolour fluorescence tubes. The few promising materials include the noble
gases which emit UV radiation that does not match the absorption of the present
phosphors. The lower efficiency (the number of photons generated per watt) of the noble
gas discharge is a serious problem. This lower efficiency is partly inherent in the fact that
the VUV photons from a noble gas discharge have a much higher energy than the UV
photons from the mercury discharge (254 nm). For instance, the xenon dimer discharge,
which is the most efficient noble gas discharge, generates a broad band around 172 nm,
while the Xe monomer emits predominantly 147 nm radiation. Thus new phosphors are
needed. The development of new phosphors based on the luminescence of the trivalent
rare earth ions (RE3+ ) requires the exact knowledge of their 4f N energy level schemes. In
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the new fluorescence lamps the minimization of the loss of excitation energy is even
more important due to the high energy of the UV radiation emitted by the noble gases.
One solution to this is to convert one quantum of the exciting UV-radiation into two
quanta of visible light 1 ° 1 • This may yield quantum efficiencies higher than 1 00% because
of the high luminescence efficiency of the trivalent rare earth ions, though the excitation
energy lost in the non-radiative de-excitation processes in the VUV and UV ranges may
be prohibitively high. The quantum cutting can be achieved with the presence of several
RE3+ ions in a matrix containing a high amount of the Gd3+ ion. Although studies of the
energy level scheme of the Gd3+ ion are still infrequent, the knowledge of the level
scheme of the Gd3+ ion is very important since transfer of the excitation energy between
different REH ions are involved in the quantum cutting process.
The Gd3+ ion has the 4r7 electron configuration which has the most complicated
energy level scheme in the whole RE3+ series. The energy level scheme of the Gd3 + ion
consists of 327 free ion spin-orbit coupled 2S+ lLJ levels which can split into up to 3432
crystal field levels for a RE3+ site with lower than cubic symmetry. In fact, the number of
Stark levels to be observed is much less since in the absence of an external magnetic field
the 3432 levels occur as 1 7 1 6 Kramers doublets. The high degeneracy of the 4f7 electron
configuration is not the only reason for the very few studies dealing with the
determination of the energy level structure of the Gd3+ ion: a wide energy gap of ca
32000 cm- 1 exists between the 8 S112 ground level and the first excited term, 6P112- At even
higher energies, the density of the 4f levels is rather high making the identification and
labeling of the energy levels difficult if not impossible. The investigations of the energy
level structure of the Gd3+ ion have mainly been restricted to the halide lattices such as
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RE(OH)3 and Y(OH)3 1 0 8 have also been considered The choice to study the host lattices
containing fluorine can be explained as follows: in fluorides the absorption by the 4:t65d 1
electron configuration should be shifted to the maximum energy. The energy of the
4:t65d 1 configuration of the Gd3 ion in C�F2 host approaches 80000 cm- 1 , which is the
+

highest among the REH ions 1 09• 1 1 0 matching even Lu3+, though probably not La3 . This
+

fact allows the very interesting but also the very complicated studies of the high energy
+

level schemes of the RE3 ions.
Holsa et al 1 02 studied the 4f7 electron configuration of the Gd3 ion in GdOCl. The
+

calculated and observed energy levels of Gd3+ ion in GdOCl are shown in Figure 1-12.
Obviously, the first levels observed in the UV region were 6P7;2 and 6P5;2 so that
the Gd3 emission was observed between 307 and 314 nm that correspond to 8 S712 -6P112
+

and 8 S112 -6P5;2 , respectively.
+

Gd3 ions have also been used as an intermediate to transport energy from a
sensitizer to an activator 1 1 1 - 1 1 5 in current lamp phosphors 1 1 1 • 1 1 6 • Wegh et al. 1 1 5 illustrated
+
how Gd3+ acts as an intermediate to transfer energy in an Er3 +-Gd3 -Tb3+ system. The

energy level diagram is shown in Figure 1-13. LiGdF4:Er3\Tb3+ powders were used in
+

the experiments. In this system Er3 ions are excited into the 4f 0 5d levels, which are
situated in the VUV for fluorides. After nonradiative relaxation to the lowest 4f 0 5d state,
energy can be transferred to Gd3 by cross-relaxation, exciting Gd3+ into the 6PJ, 61J or 6DJ
+

state and bringing Er3 in or j ust above the 4 S312 excited state. Subsequently, a green
+

+
+
photon is emitted efficiently due to the 4S312..... 41 1 512 transition on Er3 , and the Gd3
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the Gd3+ ion, while the others are different excited states.
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+
excitation energy migrates over the Gd3+ sublattice until a Tb3 ion is reached. After

energy transfer to a high-energy state of Tb3+, fast nonradiative relaxation to the 5D3 , 4
states occurs and a second visible photon is emitted corresponding to the 5 D.,-. 7FJ
transition.
De Hair 1 1 1 also demonstrated the intermediate role of Gd3+ in the energy transfer
from Bi3+ to Tb3+. Most of the sensitized Tb3+ phosphors require a high Tb3+
concentration for complete energy transfer since the emission of the sensitizer
(S)overlaps only 4f-4f absorption lines of Tb3+ and S-S transfer is absent 1 1 7 • In the
presence of Gd3 +, more efficient energy transfer from a sensitizer to an activator can be
achieved with relatively low concentrations because Gd3+ ions act as the intermediate and
mutual energy transfer between Gd3+ occurs by interaction between the 6PJ levels of
different Gd3+ ions. Apparently, the energy losses in the energy transfer between Gd3+
ions, occurring by transfer of energy from Gd3+ to Gd3+ ions, are relatively small.
Therefore, energy transfer from Gd3 + to activators competes successfully with the energy
losses from Gd3+ ions.
On the other hand, Gd3+ can also act as a sensitizer for activators such as Mn2+,
Sm3+, and Tb3+ ions 1 1 1 • 1 1 8 • 1 1 9 • Reisfeld et al 1 1 8 • 1 1 9 studied the energy transfer from Gd3+ to
Sm3+ . An increase of Sm3+ fluorescence originating from the 40512 level was observed in
the presence of Gd3+. The excitation spectrum of the co-doped glasses (Gd3+ and Sm3+)
indicated that the energy absorbed by Gd3+ was transferred from 6P712 Gd3+ levels to the
4

P312 and 4P 512 Sm3+ levels. The transfer is of an electro-multipolar type, mainly dipole

dipole. The increase (,.....1 0%) of fluorescence of Sm3+ in the presence of Gd3+ excited at
levels where no energy transfer can take place is attributed to the fact that the quenching
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of Sm3+ occurring by the cross relaxation (4Gs12_. 6F912) -> (6Hs12_. 6F912) is suppressed by
the presence of Gd3+.
2
The UV emission of gadolinium ions in AlN 1 0 and in oxides like CaAl 1 2 O 1 9 1 2 1 has
also been investigated. By taking cathodoluminescence (CL) spectra, Gruber et al. 1 20
observed an intense Gd3+ UV emission at 318 nm (the 6p712_. 8S112 transition) whose
intensity is about 50 times greater than other transitions. Lattice-sum calculations and
modeling of crystal field splitting of Gd3+ in AlN indicated that Gd3+ substitutes Al in
lattice sites having C3 v point group symmetry in hexagonal AlN. In Ter Heerdt et al.'s
work 1 2 1 , a Gd3 + UV emission at 313 nm was observed in Gd-doped CaAl 1 2O 1 9.
Obviously, host materials affect Gd3+ emission by shifting the wavelength some degree.

1 .2.5 Chromium As a Dopant
The Cr3+ ion is widely used in the research and development of Q-switched
lasers 1 22· 1 24, phosphors55•72•8 1 -8 5 ·92 ·94·97· 1 2 5- 1 30, flat panel display94, and sensitizers 1 3 1 · 1 3 2 •
The first successful laser, the ruby laser built in 1960 by Theodore H. Maiman 1 33 ,
is AhO3 doped with a small amount ofcr3+ ions. The normal green ofCr3+ ions turns to
red by the distortion of the local crystal field originating from the substitution of an Al3+
+
+
ion by a slightly larger Cr3 ion. The ground state of Cr3 ion, acting as the lower level of

the laser transition, is 4A2 with three unpaired spins on each ion. The population inversion
results from pumping a majority of the Cr3+ ions into an excited state by an intense flash
from another energy source. Because the upper level consists of several states, the
pumping flash does not need to be monochromatic. The laser transition, from the lowest
of the excited states to the ground state (2 E-. 4A2), gives rise to red radiation (694nm) as
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demonstrated in Figure 1-14. Because the population inversion is very difficult to sustain
continuously, the ruby laser is pulsed in practice.
Efficient infrared lasers { l -3µm) are needed because ofapplications in medicine
and applications requiring eye-safe lasers. The most common way to improve the
efficiency of rare-earth based infrared lasers is to incorporate a sensitizing ion which
efficiently absorbs energy from the excitation source. The success of the co-doped laser
materials depends on the efficiency ofenergy transfer from the sensitizer (donor) to the
activator. Cr3+ has proven to be an effective donor ion because of its broad visible
absorption bands and its ability to efficiently transfer energy to several rare earth ions
such as Nd3+ and Tm3+ ions 1 3 1 • 1 32 • It is incorporated in the solid matrix as a sensitizer of
rare earth ions emission in order to increase the optical pumping efficiency 1 1 9 • The
existence oftwo broad and intense absorption bands in the visible region allows the
efficient absorption of energy from excitation lamps.
On the other hand, the emission ofthe Cr3+ ions in the red-NIR region can be used in
codoped samples, i.e. with lanthanides, to induce energy transfer processes84• 1 28 • 1 30 • 1 34 •
+
For instance, in a Cr3+-Tm3 system, the occurrence ofenergy transfer processes from

Cr3 + to Tm3 + ions 1 3 5 is expected due to the overlap between the emission band
4

T2 (f2e)-+ 4A2(f2) of the cr3+ ions and the absorption band 3H6-+ 3 H4 of the Tm3+ ions.

The authors observed a decrease of the cr3+ emission at the range from 700 nm to 800
nm, where the 3Hr 3 � absorption ofthe Tm3+ ions occurs. Moreover, the emission at
--810 nm due to the 3H4-+ 3 H6 emission ofthe Tm3+ ions increases with increasing
concentration. Therefore, Tm3+ ions can be thought to be excited by absorption of
photons emitted by Cr3+ ions. Finally, by co-doping 0. l mol% Cr3+ with a moderate
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Figure 1-14: The transitions involved in AhO3 :Cr ruby laser60 .
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concentration of2 mol% Tm3+, they obtained an efficiency ofenergy transfer close to
one.
3
In many cases, the host material ofthe cr + ion is yttrium aluminum garnet (YAG).
YAG:Cr phosphors55•72•8 1 •82•84•85 •92•94•97• 126- 1 30 have attracted much attention because these
phosphors based on a highly insulating host lattice have high luminous efficiency (the
ratio ofthe energy out (lumens) to the input energy), thus are promising to be applied in
high energy photoluminescent (plasma panels) and cathodoluminescent (field emission
devices) flat panel displays. Compared with a cathode ray tube, an FED operates with
lower energy (3-10 keV) but higher current density (1 mA/cm2) beams impinging on the
phosphors. This requires more luminous efficient and thermally stable materials such as
YAG:Cr phosphors.
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Chapter 2 : Experimental Procedure
2.1

Sample Preparation
Gadolinium-doped and chromium-doped Yttrium Aluminum Gamet thin films were

deposited onto silicon wafers of (100) orientation. The wafers were 10 cm in diameter, p
type boron-doped silicon and were manufactured in MEMC Electronic Materials,
Incorporated. The thickness ofthe wafers ranged from 500 to 550µm.
The silicon wafers were cut into -2cm-wide x 10cm strips before being loaded into
the main chamber ofthe sputtering system. The wafers were scribed on their unpolished
surface using a diamond scribe.

2.2

Thin Film Deposition
In this work, there are two series ofrare-earth doped yttrium aluminum garnet

(YAG) thin films;namely, gadolinium-doped YAG and chromium-doped YAG thin
films. These rare-earth (Gd) and transition metal (Cr) doped YAG thin films were
deposited on p-type boron-doped silicon (100) substrates in a radio-frequency magnetron
sputtering system (AJA International, ATC 2000-V). The rfsources were powered by
Advanced Energy RS-5 generators and a matching networks at a frequency of13 .56MHz.
The magnet arrays underneath the sputtering targets were operated in an unbalanced
mode to maximize the deposition rate. The magnetron system has a "sputter-up"
configuration (see Figure 2-1), where the substrate surface is located above three sputter
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Figure 2-1 :

Digital photograph of the 3-source configuration for the combinatorial

sputter deposition system.
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targets that are tilted and facing the substrate. The yttrium and aluminum sources were
oriented 180° apart in the chamber and the gadolinium/chromium source was oriented 90°
from the yttrium and aluminum source (i.e. 3 comers of a square) with the substrate
holder equidistant from each source. All the target centers are 16.5 cm from the center of
the 4" substrate holder center and are tilted at 32 degrees relative to the substrate normal.
Figure 2-1 shows the 3-source assembly illustrating the source positions relative to the

substrate.

2.2.1 YAG Thin Films
The target materials have purities ofY (99.9%), Al (99.99%),. The base pressure
of the system is < 1 x10-6 Torr. To optimize the Y 3Al5 0 1 2 deposition an initial deposition
was performed by reactively sputtering the yttrium (80W) and aluminum (120W) targets
in a mixed Ar (25 seem) and 02 (1.4 seem) atmosphere where the 02 is injected at the
substrate and the Ar is injected at the target to extend the range of the metallic reactive
sputtering mode. The initial sputtering powers were estimated from previous Y 2 03 and
AhO3 sputtering rate data to give an AlN ratio of 5/3 (=1.67) in the center ofthe
substrate so that the deposited films have YAG stoichiometry. The combination of
yttrium (80W) and aluminum (130W) was ultimately adopted to increase AlN ratio
which is off-stoichiometry under the initial sputtering condition and subsequently to
ensure YAG stoichiometry.
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2.2.2 YAG:Gd Thin Films
2.2.2.1 Combinatorial YAG:Gd Thin Films

Subsequent to the pure Y3 AlsO 1 2 film deposition, two gadolinium-doped
Y3 AlsO 1 2 films were deposited in a combinatorial fashion to determine the optimum
gadolinium concentration. The combinatorial films were deposited in a multi-layer
fashion; a total of seven alternating layers, Y3AlsO 1 2 - [Gd - Y3 AlsO 1 2h were deposited.
To realize a uniform Y3 AlsO 1 2 composition the Y3AlsO 1 2 layers were deposited in
rotation for 1 2.5 minutes. To realize the gadolinium gradient, the substrate was ali gned
parallel to the sputter axis of the gadolinium source and deposited with a stationary
substrate at 60W. For the first gadolinium-doped film (Gd-A), each gadolinium layer
was sputtered for 4 minutes and for the second film (Gd-B) each gadolinium layer was
sputtered for 8 minutes. The total film thickness was approximately 1 µm and varies only
slightly due to the variation in the gadolinium concentration. As will be demonstrated, the
concentration gradient, and subsequently the thickness gradient, for Gd-A is on the order
of 5% and for Gd-B on the order of 1 0%. Subsequent to the deposition, the films were
annealed at 1 000°C to homogenize the gadolinium activator throughout the film and
crystallize the film.
2.2.2.2 YAG:Gd Sputtering Parameter Optimization Using a Full Factorial Design
of Experiments

To systematically analyze the effects of the sputtering parameters, such as
substrate bias, substrate temperature and oxygen flow rate, a 2 3 full factorial desi gn of
experiments (DOE) was conducted based on optimum gadolinium concentration. In this
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DOE, the Gd-doped YAG thin films were uniform by co-sputtering yttrium, aluminum
and gadolinium.
The 23 full factorial design of experiments is shown in Table 2-1 . There are two
levels, high and low, for each variable. The three sputter deposition factors are substrate
bias, substrate temperature, and oxygen flow rate. The two main responses for the design
of experiments were cathodoluminescence (CL) power efficiency and x-ray diffraction
(XRD) integrated intensity.
2.2.2.3 Total Pressure Study of YAG:Gd Thin Films
The previous section explains the design of experiments with three parameters,
substrate bias, substrate temperature, and oxygen flow rate. Other than these three factors,
there are a few factors such as target power, argon flow rate as well as total pressure that
affect film quality and film properties. Among them, the effects of target power and
argon flow rate have been widely investigated and are very straightforward. Total
pressure of the gas mixture of Ar and 02 has a complicated and very critical effect on
film quality, consequently needs to be thoroughly studied.
Considering total pressure and oxygen flow rate may have a very strong
interaction, the design of experiments mentioned above did not include total pressure.
A series of Y AG:Gd thin films were deposited at various total pressures, that is 2,
3, 4, 5 and 6 mTorr. The powers of yttrium, aluminum and gadolinium targets were 80W,
130W, and 25W, respectively. The reactive gas mixture during deposition includes
25sccm Ar and 1.4sccm 02. The as-deposited YAG:Gd thin films were annealed at
1000°C in air for 10 hours in the furnace.
52

Table 2-1 : The design ofexperiments ofgadolinium-doped YAG thin films.
CL efficiency

Substrate
Oxygen Flow

Substrate
Temperature

Run
Bias (V)

O
( C)

Rate (seem)

1

0 (-)

25 (-)

1.4 (-)

2

100 (+)

25 (-)

1.4 (-)

3

0 (-)

700 (+)

1.4 (-)

4

100 (+)

700 (+)

1.4 (-)

5

0 (-)

25 (-)

1.6 (+)

6

100 (+)

25 (-)

1.6 (+)

7

0 (-)

700 (+)

1.6 (+)

8

100 (+)

700 (+)

1.6 (+)

(W/W)

XRD integrated
intensity (a. u.)

,, (%)

Note: All other sputtering parameters are the same for each run. The powers ofyttrium,
aluminum and gadolinium targets were determined to be 80W, 130W, and 25W,
respectively. The reactive gas mixture during deposition includes Ar and 02 , with a total
pressure of 3mTorr. The as-deposited YAG:Gd thin films were annealed at 1000°C in air
for 10 hours in the furnace.

53

2.2.3 YAG:Cr Thin Films
2.2.3.1 Combinatorial YAG:Cr Thin Films

In a similar fashion as described for the Gd-doped films, two chromium-doped
Y 3Al5O 1 2 films were deposited in a combinatorial fashion to determine the optimum
chromium concentration. The combinatorial films were deposited in a multi-layer
fashion; a total of7 alternating layers, Y 3Al5O 1 2 - [Cr - Y 3AlsO 1 2h were deposited. To
realize a uniform Y 3Al5O 1 2 composition the Y 3Al5O 1 2 layers were deposited in rotation
for 12.5 minutes. To realize the chromium gradient, the substrate was aligned parallel to
the sputter axis ofthe chromium source and deposited for halfminute with a stationary
substrate at different Cr target powers, i.e., 30W and 60W, respectively. For the first
chromium-doped film (Cr-A), each chromium layer was sputtered at 30W and for the
second film (Cr-B) each chromium layer was sputtered at 60W. The total film thickness
was approximately 1 µm and varies only slightly due to the variation in the chromium
concentration. As will be demonstrated, the concentration gradient, and subsequently the
thickness gradient, for Cr-A is on the order of0.5% and for Cr-B on the order of1%.
Subsequent to the deposition, the films were annealed at 1000°C to homogenize the
gadolinium activator throughout the film and crystallize the film.
2.2.3.2 YAG:Cr Sputtering Parameter Optimization Using a Full Factorial Design of
· Experiments

To systematically analyze the effects ofthe sputtering parameters, such as
substrate bias, substrate temperature and oxygen flow rate, a 23 full factorial design of
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experiments was conducted based on optimum chromium concentration. In this DOE, the
Cr-doped YAG thin films were uniform by co-sputtering yttrium, aluminum and
gadolinium.
The 23 full factorial design of experiments (DOE) is shown in Table 2-2.
There are two levels, high and low, for each variable. The three sputter deposition
factors are substrate bias, substrate temperature, and oxygen flow rate. The two main
responses for the design of experiments were cathodoluminescence (CL) power
efficiency and x-ray diffraction (XRD) integrated intensity.

2.3

Post-annealing of YAG Thin Films
Subsequent to the deposition, to homogenize the gadolinium activator throughout

the film and crystallize the film, a post-annealing treatment was performed in air in a
Lindberg 54356-S 3-zone quartz tube furnace. Initially an annealing matrix of time and
temperature was performed for the YAG:Gd films. Films were annealed at 400°C, 600°C,
800°C, 900°C, and 1 000°C for 1 0 hours. Similarly films were annealed at 1 000°C for
2hours, 5hours, 1 0 hours and 20 hours. Subsequent to this annealing matrix a standard
annealing recipe of 1 000°C for 1 0 hours was used for the films compared in the design of
experiments.
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Table 2-2: The design of experiments of chromium-doped YAG thin films.
Substrate
Substrate
Run

Oxygen Flow

PL integrated

XRD integrated

intensity ( a. u.)

intensity (a.u.)

Temperature
Bias (V)

(OC)

Rate (seem)

1

0 (-)

25 (-)

1.3 (-)

2

100 (+)

25 (-)

1.3 (-)

- 3

0 (-)

600 (+)

1.3 (-)

4

100 (+)

600 (+)

1.3 (-)

5

0 (-)

25 (-)

1.4 (+)

6

100 (+)

25 (-)

1.4 (+)

7

0 (-)

600 (+)

1.4 (+)

8

100 (+)

600 (+)

1.4 (+)

Note: All other sputtering parameters are the same for each run. The powers of
yttrium, aluminum and chromium targets were determined to be 80W, 130W, and 15W,
respectively. The reactive gas mixture during deposition includes Ar and 02 , with a total
pressure of 3mTorr. The as-deposited YAG:Cr thin films were annealed at 1000°C in air
for 10 hours in the furnace.
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2.4

Film Characterization

2.4.1 Film Thickness Measurement
There are two kinds of measurements conducted to determine the thickness of
YAG thin films. One of them is to take high-resolution cross-section images of the films
using a Hitachi S4300-SE scanning electron microscope (SEM) with a Schottky-emission
source. The magnification used ranged from 15000x to 60000x. An Filmetrics F20
reflectometer was also used to measure film thickness.

2.4.2 Film Composition
An energy dispersive X-ray spectrometer (EDS) was attached to the Hitachi S4300-SE SEM and composition data were compiled by referencing the thin film EDS
spectra to a YAG:Gd powder standard. Additionally, compositional analysis was
performed using a Perkin-Elmer PHI 5000 LS X-ray photoelectron spectroscopy (XPS)
to confirm the EDS measurements for several samples.

2.4.3 X-ray Diffraction (XRD)
To investigate the crystallinity of the YAG, YAG:Gd, and Y AG:Cr films, 0-20 x
ray diffraction scans were taken before and after the post deposition anneal. XRD scans
were taken with a Philips X'pert X-ray diffractometer unit with a wavelength of Cu Ka
X-ray source (A = 1.542 A). The operation condition was 45kV, 40mA. Although there
were several diffraction peaks in YAG XRD pattern, the degree of crystallinity in
YAG:Gd thin films was evaluated by integrating the total intensity of 0 -20 X-ray scans
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over the range from 27 ° to 38 °, where the four main YAG diffraction peaks, (32 1 ), (400) ,
(420) and (422), are located.

2.4.4

Cathodoluminescence (CL) Measurements
The thin fi\m emission properties of the YAG:Gd and YAG:Cr were characterized

by taking cathodoluminescence (CL) measurements performed in a custom-built CL test
system as shown in Figure 2-2 . The system is equipped with a Kimball Physics EFG7
Electron Gun with a voltage range of 0.5 - 5kV and current range of 5- 1 00 µA/cm2 . The
system is equipped with a Faraday cup for accurate beam current determination and has a
linear feed manipulator so multiple samples can be analyzed during a single pumpdown.
CL spectra were measured with an Ocean Optics PC2000 spectrometer, and radiometric
efficiencies were measured with a calibrated International Light 1 700 radiometer.
Typical data presented were measured using a 5kV accelerating voltage and -1 00µA/cm2
current density. The base pressure in the vacuum chamber was -2 - 5x 10-7 Torr. The CL
spectra were recorded at room temperature with a pixel integration time of 1 0Oms. The
UV CL power efficiency data of Gd-doped YAG thin films were calculated as the
fraction of the emission power in UV region over the incident electron beam power.

2.4.5 Photoluminescence (PL) Measurements
Photoluminescence properties of the thin films were measured on a SPEX
Fluorolog- 3 spectrofluorometer system controlled by the Jobin Yvon DataMax™
software. This Fluorolog-3 system equipped with an R928P photomultiplier tube is
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Figure 2-2 :

The custom-built CL test system.
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sensitive in the range of230-850nm. Excitation is from a 450 W Xenon lamp coupled to
a double grating fast scanning monochromator. The excitation source was set at 275 nm
and 480 nm wavelength for YAG:Gd and YAG:Cr, respectively. The emission goes
through a Triax 552 0.5m spectrograph that accommodates detectors such as a
photomultiplier. The scheme in Figure 2-3 shows how PL measurements are undertaken.
Low temperature PL measurements were conducted by using a custom-built
cooling system equipped with a Lakeshore 331 temperature controller. The selected range
oftemperature was from 12K to 298K.

2.4.6 Film Microstructure
Film microstructure was investigated by taking images on film surface using a
Hitachi S-4300-SE scanning electron microscope (SEM) with a Schottky-emission
source.
Cathodoluminescence (CL) images were also used to analyze film structure. CL
images were taken in a JEOL 6700F scanning electron microscope equipped with a fully
integrated GATAN MonoCL system. The MonoCL system is equipped with imaging and
scanning monochrometer (0.2 nm resolution, 185 - 900 nm) and a liquid nitrogen
cold/hot stage operating from 80-375 K. CL and equivalent SEM images were taken at
l OkeV beam energy.
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Figure 2-3: The scheme of photoluminescence measurements. Inset is a picture of this
Fluorolog spectrometer system.
(Source:

http://www.jobinyvon .com/usadivisions/Fluorescence/applications/

Low Temperature Photolum inescence.pdf)
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Chapter 3 : Combinatorial Synthesis of
Gadolinium and Chromium-doped YAG
Thin Films
3.1

Introduction
Combinatorial approach has been widely used by materials scientists since its first

application to materials discovery process 136 • Although originally used in the
pharmaceutical industry, combinatorial synthesis recently has been focused on the
screening, development and optimization of luminescent materials 137- 140 , dielectric thin
films 141 • 142 , thin film multilayer opto-electronic devices 1 43 , transparent conducting oxides
(TCO) 144- 146 and magnetic oxides 147 • This approach creates large libraries of binary or
ternary alloys and oxides. Compared to conventional methods, combinatorial approach
significantly reduces time and costs for materials discovery in multi-component systems
where their properties are strongly dependent on composition.
There is considerably growing interest in the development of thin film luminescent
materials for a variety of applications, including flat panel displays, plasma panel
displays and solid state lighting. The properties of luminescent materials largely depend
on the complex interactions among the host structure and dopants, and of course dopant
concentration, therefore, combinatorial methods can be utilized to rapidly identify thin
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films and optimize their optical properties. In this work, we apply these approaches to the
identification and optimization of a new ultraviolet cathodoluminescent (CL) thin film
oxide, Y3Als O 1 2:Gd, and a red-emitting photoluminescent (PL) thin film oxide,
Y3Al sO 1 2:Cr.
Miniaturized ultraviolet (250 - 350 nm) emitting solid-state sources are necessary
components for proposed device structures such as non-line-of-sight communication
transceivers and receivers and bio-particle detection units. Previous work on thin film
rare earth doped Y3Al5 O 1 2 materials have shown emission from the blue to near infra-red
range of the electromagnetic spectrum from trivalent Nd 1 48· 1 49, Sm 1 50, Eu7 1 • 1 5 1 · 1 52,
3
Th64, 1 s 1 , 1 s , Ce 1 49, t s4, 1 ss _
This chapter will describe the combinatorial synthesis of gadolinium-doped YAG
thin films that are being explored as a material for thin film solid-state UV device
applications, as well as chromium-doped YAG thin films that can be used as temperature
sensors.

3.2

Synthesis of YAG Thin Films---The Host Material Using
rf Magnetron Sputtering
Gadolinium-and chromium-doped YAG thin films have been prep ared by

combinatorial sputtering using an rf magnetron sputtering system described in Chapter 2.
Before depositing gadolinium-doped and chromium-doped YAG thin films,
undoped YAG films were sputter deposited. To achieve a 5:3 AlN atomic ratio, an initial
deposition was performed by reactively sputtering the yttrium (SOW) and aluminum
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(120W) targets in a mixed Ar (25 seem) and 02 (1.4 seem) atmosphere (3 mTorr). The
powers of yttrium and aluminum target were calculated based on the relative atomic flux
from each source. The flux from each source can be approximated by equation 3 -1 and is
shown schematically in Figure 3.1:

flu.x oc

PS cos n (/J cos 0
r2

where n = 10 is an empirically determined value,

(3 - 1)

ct>, Band r depend on sputter geometry

as shown in Figure 3-1, P is target power , S refers to sputter yield of target material
(make sure you understand the sputtering geometry as this could be a question you get
from your committee).
The predicted plot of the AlN atomic ratio under the sputtering condition and
system geometry as a function of position on the 10cm substrate is shown in Figure 3-2.
Energy dispersive x-ray analysis (EDS) of the film annealed at 1000° C for 10
hours (see Figure 3-3) revealed that the AlN ratio experimentally ranged from 4.440.24 over the 10cm silicon substrate with stoichiometric composition falling very close to
the predicted center. The total cation/anion ratio (Al+Y)/O as a function of position is
also plotted in Figure 3-3 which is slightly above the stoichiometric ratio of 0.67 and
shows that the cation content increases as the yttrium content increases. This is
consistent with Y2O3 films which we have deposited which have measured cation-to
anion ratios of - 0.85.
To deposit pure YAG films, the combination of yttrium and aluminum target
powers was adjusted. To compensate for the low AlN ratio obtained at the substrate
center, the aluminum target power is raised from 120W to 130W to increase aluminum
64

Thin ftlm

Figure 3-1 :

Scheme of sputter geometry.
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content and to achieve a 5:3 AlN atomic ratio, when depositing a uniform YAG thin film.
EDS result verified the AlN ratio was 1.67, which is consistent with the stoichiometry of
the YAG composition. As shown in Figure 3-4, the XRD pattern ofthe annealed film
also reveals that the phase is pure Y3Al5O12 after post-treatment at 1 000C for 1 0 hours.
As-deposited films were amorphous, however subsequent to the anneal, the YAG phase
was evident with a preferred (420) orientation as illustrated in Figure 3-4.

3.3

Optimization of Gadolinium and Chromium-doped YAG
Thin Flilms

3.3.1 Combinatorial Synthesis of Gadolinium-doped YAG Ultraviolet
Emitting Thin Films
Subsequent to the pure Y3Al5O12 film deposition, two gadolinium-doped
Y3AlsO 1 2 films were deposited in a combinatorial fashion to determine the optimum
gadolinium concentration. The combinatorial films were deposited in a multi-layer
fashion; a total ofseven alternating layers, Y3Al5O 1 2 - [Gd - Y3Al5O12h were deposited.
To realize a uniform Y3Al5O12 composition the Y3Al5O 12 layers were deposited in
rotation for 12.5 minutes. To realize the gadolinium gradient, the substrate was aligned
parallel to the sputter axis ofthe gadolinium source and deposited with a stationary
substrate at 60W. For the first gadolinium-doped film (Gd-A), each gadolinium layer
was sputtered for 4 minutes and for the second film (Gd-B) each gadolinium layer was
sputtered for 8 minutes. Subsequent to the deposition, the films were annealed at
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1000°C for 10 hours to homogenize the gadolinium activator throughout the film and
crystallize the film. Figure 3-5 shows a scanning electron micrograph of a cleaved edge
ofGd-8, which shows the discreet Y 3Als0 12 and Gd layers.
To investigate the crystallinity ofthe Gd-doped YAG films, 0-20 x-ray
diffraction scans were taken before and after the post deposition anneal. Similar to the
un-doped YAG film, as-deposited Gd-doped YAG films were amorphous; while after the
post anneal, the YAG phase was evident with a preferred (420) orientation. EDS
measurements ofthe two films confirmed the uniformity ofthe yttrium and aluminum
content which has a consistent AlN ratio of1.67. Figure 3-6 illustrates the Gd
composition across the substrate which monotonically increases from -1.5 to 6.3% for
Gd-A and -3.5 to 12.5% for Gd-B. The composition range was expected to double for
Gd-B relative to Gd-A as the gadolinium sputtering time doubled. The EDS measured
cation/anion ration for the films were also greater than the stoichiometric value of0.67
and increased with increasing gadolinium content. This is likely due to the fact that the
gadolinium layers were metallic rather than oxide films.
To measure the ultraviolet emission ofthe thin films, cathodoluminescent (CL)
measurements were performed in a custom-built vacuum test chamber. The CL
measurements were performed at a pressure of2-5x10-7 Torr at 5keV beam energy and
-100 µA/cm2 current density. CL spectra were measured across the Gd-A and Gd-B
substrate with an Ocean Optics PC2000 spectrometer with a pixel integration time of100
ms. Figure 3-7 illustrates a typical Gd-doped YAG spectrum which has its dominant
peak at 312nm from the Gd 8 S712 - 6P 712 intrashell 4f-4f transition. Figure 3-8 shows the
normalized CL intensity at 312nm versus the gadolinium concentration. Overlapping
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Figure 3-5: Scanning electron micrograph illustrating the discreet Y 3Al5O 1 2 (1-4) and Gd
(1-3) layers in the as-deposited film. The Y 3Al50 1 2 layers are terraced due to the cleaving
step and on each layer the thin Gd film can be observed. The dashed white line outlines
the first gadolinium layer.

71

14
12

j�

Gd-B

10
8
6 II

•

•

4

•

Gd-A

2
0

•

0

20

40

60

80

1 00

Position (mm)

Figure 3-6: Plot of the gadolinium concentration as a function of position for the two

(Gd-A and Gd-B) doped Y3Al s 012 films. A gadolinium composition range of -1 .5 to
6.3% for Gd-A and -3 .5 to 1 2.5% for Gd-B was achieved.

72

4000
3500
3000 c:i

2500

-� 2000 ..J 1 500 u

1000
500
0

"'--------------------i

i--------------__,A,
250

Figure 3-7:

270

290

310

330

Wavelength (run)

350

370

390

Typical gadolinium-doped Y3Als 012 cathodoluminscence spectrum

illustrating the ultraviolet 8S112 - 6P112 transition.

73

3500
3000

•

,__ 2500
d

•

0 2000

• .-4

-a

1 500

u

1 000

•• •
•

•

•

• •

•

500
0
0

• • • • ••

I

I

I

I

2

4

6

8

I

1

10

12

Gd at.%

Figure 3-8: Plot of the CL intensity versus the gadolinium concentration in the two
sputter deposited films.

74

data points (ie. 3.5-5.35%) were averaged for the two samples. Figure 3-8 shows a
nearly linear increase in CL intensity with increasing Gd% from 1 %-5.5% and a
precipitous drop off at concentrations greater than - 5.5%. The observed phenomenon
that luminescent intensity drops after a peak value of dopant concentration is called
concentration quenching. It is due to energy transfer between neighboring dopant atoms
and can be multi-polar or exchange interactions energy transfer mechanisms.
The A3B 5O 1 2 garnet structures have three cation sites: B tetrahedral and
octahedral sites and A dodecahedral sites. For the Gd-doped YAG, the Gd3+ dopant
occupies the yttrium (A) positions in the YAG material due to the similar ionic radii. The
nearest neighbor A-A distance in YAG is 0.367nm 156· 1 57 • For the trend observed in
Figure 3-8, the CL intensity increases with gadolinium concentration up to - 5.5%. In

this region, the CL intensity simply increases because there are more activators available
for excitation. At gadolinium concentrations greater than - 5.5%, the CL intensity
quenches. This concentration is in good agreement with to Tb-doped YAG phosphors64
and Yb-doped YAG films 1 57 which concentration quench at - 4% atomic
percent. At these concentrations, a number of nearest neighbor Gd-Gd sites induce non
radiative energy transfer of the exited state gadolinium activators, which are recombined
at non-radiative centers.
In summary, we have used a combinatorial rf magnetron sputtering method to
synthesize gadolinium doped ultraviolet emitting Y3Al s O 1 2 thin films. An initial
deposition was performed to optimize the AIM ratio in the Y3Als O 1 2 films and two
subsequent films were deposited with uniform Y3Als O 1 2 and graded Gd layers. EDS and
x-ray diffraction confirmed the stoichiometric composition and YAG crystal structure,
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respectively. Two gadolinium composition ranges were achieved spanning a total
composition range of - 1-12% gadolinium. CL measurements of the films revealed an
optimum concentration at - 5.5% Gd which is in good agreement with other rare earth
doped YAG materials.

3.3.2 Combinatorial

of

Synthesis

Chromium-doped

YAG

Photoluminescent Thin Films
Similar to YAG:Gd films, two chromium-doped Y3AlsO12 films were deposited in
a combinatorial fashion to determine the optimum chromium concentration.
It should be noted that the power combination of yttrium and aluminum target
was changed in this study because the yttrium and aluminum targets had eroded to
different levels which changed the local plasma density due to the magnetrons. To
compensate for a slight decrease in the aluminum deposition rate, the yttrium target
power kept at 80W and the aluminum target power was applied at 164W instead of 130W
previously. EDS analysis revealed the correct stoichiometry at the center of the substrate
under this condition. XRD results verified the pure YAG cubic phase of the uniform
films sputtered.
Subsequent to pure YAG films, two combinatorial films were also deposited in a
multi-layer fashion; a total of seven alternating layers Y3Al5 O 12 - [Cr- Y3Al5 O 12h were
deposited. To realize a uniform Y3Al5 O12 composition the Y3Al5 O1 2 layers were
deposited in rotation for 12.5 minutes. To realize the chromium gradient, the substrate
was aligned parallel to the sputter axis of the chromium source and deposited with a
stationary substrate at 60W and 30W, respectively. Each chromium layer was deposited
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for 1/2 minute. Before these two sets of sputtering conditions were determined, a series of
graded chromium-doped YAG film were deposited for 1/2, 1 and 2 minutes at 60W to
rapidly determine the composition range for the chromium concentration where the
chromium-doped YAG films show emission. None of the initial films yielded any
characteristic red chromium emission. The EDS determined chromium concentration
(1.42-4.84 at%) of the film deposited at 60W for 1 minute is shown in Figure 3-9. The
0.9933 Rsquare indicates a very good linear relationship between chromium
concentration and position. Considering EDS experimental accuracy gets lower at lower
concentration, the concentration of the two graded films mentioned earlier in this section
was projected by assuming the chromium deposition rate changes linearly with target
power from 60W to 30W and linearly depends on sputtering time.
For the first chromium-doped film (Cr-A), each gadolinium layer was sputtered
for 1/2 minute at 30W and for the second film (Cr-B) each chromium layer was sputtered
for 1/2 minute at 60W. Subsequent to the deposition, the films were also annealed at
1000°C for 10 hours to homogenize the chromium activator throughout the film and
crystallize the film.
8-28 x-ray diffraction scans also demonstrated that as-deposited Cr-doped YAG
films were amorphous, while the annealed films showed a preferred YAG (420)
orientation as shown in Figure 3-10.
Figure 3-11 illustrates the estimated chromium concentration across the substrate

which monotonically increases from -0.34 to 1.09% for Cr-A and -0.57 to 2.18% for Cr
B.
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As can be seen in Figure 3-12, a typical Cr-doped YAG PL spectrum has a broad
peak and is peaked at --687 nm from the Cr 4A2 - 4E2 transition. Figure 3-13 shows the
PL intensity at 687 nm versus the chromium concentration. Overlapping data points (i.e.
0.57-1.09%) were averaged ration quenching phenomenon with the highest PL intensity
at --0.69 atomic percent, which is in good agreement with the optimum Cr concentration,
0.65 at% reported on YAG:Cr phosphors82 • The concentration dependent PL behavior
indicates a non-radiative recombination process at Cr concentrations greater than 0.69%.
This suggests energy transfer among the Cr sites is more effective than the Gd sites
because the concentration quenching occurs at lower Cr values.
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Chapter 4: Sputter Parameter Optimization
of Gadolinium and Chromium-doped
YAG Thin Films
4.1

Introduction
Yttrium aluminum garnet or Y3 Al 5 0 1 2 (YAG) has a cubic garnet structure. Because

of its well-known stable physical, chemical, and optical properties, YAG has been widely
used as a host material for numerous applications such as solid-state lasers54 , light
emitting diodes (LED) 1 58 , and solid-state lighting 1 5 9• Due to the high cost and difficulty in
fabricating YAG single crystals, many applications utilize poly-crystalline YAG
materials7 1 •93 • 1 5 5 • 160 • Methods used to process YAG materials include sol-gel processing7 1 ,
co-precipitation93 , sintering 160 , and pulsed laser deposition (PLD) 1 55 . Most of these
techniques require high temperature (> 1 000 °C) preparation.
Our interest lies in exploring the synthesis and characterization of gadolinium
doped YAG thin films as an ultraviolet emitting thin film and chromium-doped YAG as a
red emitting thin film. To process the YAG:Gd and YAG:Cr thin films radio-frequency
magnetron reactive sputtering was used. Unlike other conventional rare-earth doped
YAG phosphors such as YAG:Eu, YAG:Tb, and YAG:Ce phosphors which emit red,
green, and yellow visible radiation, respectively, gadolinium-doped YAG thin films emit
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at 3 1 2 run which is in ultraviolet (UV) region. YAG:Gd thin films can thus be used in
solid-state UV devices such as non-light-of-sight communication transceivers and
receivers, and bio-particle detectors. YAG:Cr thin films may find a potential to be used as
temperature sensors, instead.
In chapter 3, a combinatorial thin film sputtering technique was used to rapidly
determine the gadolinium and chromium concentration that yielded the optimum
luminescence intensity1 6 1 • It was determined that YAG:Gd thin films have a
cathodoluminescence (CL) emission peak at 3 1 2 run wavelength and it was determined
the gadolinium concentration in the YAG thin films had a significant effect on CL
intensity. A gadolinium concentration of -5.5 at% resulted in a maximum CL intensity.
Similarly, a chromium concentration of -0.69 at% contributed to the optimum PL
intensity of YAG:Cr films, as discussed in Chapter 3.
In this chapter a 2 3 full factorial design of experiments (DOE) will be described
which was used to investigate the effects that substrate temperature, substrate bias, and
oxygen flow rate have on the CL properties as well as the crystallinity of YAG:Gd, and
the PL properties as well as the crystallinity ofYAG:Cr thin films. The results of the
design of experiments were analyzed and an optimum sputtering condition for each thin
film system was determined.
Finally, the effect that the total sputtering pressure of an Ar/02 gas mixture has on
the film quality and optical properties were thoroughly investigated for the YAG:Gd thin
films.
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4.2

Sputter Parameter Optimization of YAG:Gd Thin Films

4.2.1 The Design of Experiments of YAG:Gd Thin Films
In this design of experiments, to achieve the optimum composition determined by
the combinatorial synthesis discussed in Chapter 3, i.e., YAG: 5.5%Gd, the rf powers of
yttrium, aluminum, and gadolinium targets were determined to be and fixed at 80W,
1 30W, and 60W, respectively. The reactive gas mixture during deposition includes Ar
and 02 , with a total pressure of 3 mTorr.
The 2 3 full factorial design of experiment (DOE) is shown in Table 4-1. There are
two levels, high and low, for each variable. The three sputter deposition factors are
substrate bias, substrate temperature, and oxygen flow rate. Statistical analysis of the
results reveals the effects that the variables have on the two responses: CL power
efficiency and XRD integrated intensity.
In this table, the high (+) low (-) levels of substrate bias are 1 OOV and OV, substrate
temperatures are 700°C and room temperature, and oxygen flow rates are 1 .6 and
1 .4sccm, respectively.
When depositing films under the design of experiments, the substrates were
rotated and the Y, Al, and Gd were all co-sputtered to realize a homogeneous film. The
observed CL data and XRD integrated intensities for each film are shown in Table 4-1.
Statistical analysis shows that all the three factors have significant effects on CL
efficiency. The CL efficiency increases with increasing substrate temperature, increasing
substrate bias and decreasing oxygen flow rate.
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Table 4-1 : The 2 3 full factorial design of experiment for co - sputtering YAG:Gd thin films
and the observed CL efficiency and XRD integrated intensity of the 23 full factorial
design.

Run

Substrate
Bias (V)

1

0 (-)

2

Substrate
Temperature
(OC)

Oxygen Flow
rate (seem)

CL efficiency
(W/W)

11 (%)

XRD integrated
intensity (a. u.)

1 .4 (-)

0.05 8484

50373

1 00 (+)

25 (-)
25 (-)

1 .4 (-)

0. 1 48654

39484

3

0 (-)

700 {+)

1 .4 (-)

0.090434

44050

4

1 00 (+)

700 (+)

1 .4 (-)

0.223 1 72

37786

5

0 (-)

1 .6 (+)

0.066 1 1 5

2 1 671

6

1 00 (+)

25 (-)
25 (-)

1 .6 (+)

0.0 1 2 1 47

22625

7

0 (-)

700 (+)

1 .6 (+)

0.0759 1 6

2663 8

8

1 00 (+)

700 (+)

1 .6 (+)

0. 1 47406

3 1 85 1
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Statistical analysis also gives an equation to predict CL efficiency as a function of
the three factors. CL efficiency can be expressed as follows:
CL efficiency = 0.44989 + (6.01 E - 4) * V + (9.32E - 5) * T - 0.27395 * Q(O 2 )
+ (V - 50) * {T - 362.5) * (l .24E - 6) + (V - 50) * ( Q(O 2 ) - 1.5) * (-5.1346E - 3)
where V is the substrate bias, T is the substrate temperature, and Q(02) is the oxygen flow rate.

It can be seen from the above equation that CL efficiency is a strong function ofsubstrate
bias, substrate temperature, and 02 flow rate. Among these three factors, increasing the
02 flow rate is the only factor that has a negative effect on CL efficiency. The 02 flow
rate has the largest multiplicity factor which means 02 flow rate is the most significant
factor for CL efficiency. To generate the predicted formula for the CL, two interactions
are statistically significant, i.e., substrate bias/temperature and substrate bias/ 02 flow rate.
However, we have not investigated their physical significance. Single factor studies were
then completed to confirm the results ofthe full factorial design. A comparison ofthe
observed data from the single factor study and the predicted CL efficiency from the full
factorial study is shown in Figure 4-1 . The experimental data trends from the single
factor studies are consistent with predicted CL efficiency data from the full factorial
design.
Considering the XRD integrated intensity as a response, the same statistical
analysis was conducted. Figure 4-2 shows a large angle 0 -20 scan ofthe co-sputtered
YAG:Gd films. All ofthe films in this work had the same crystal orientations, that is, the
XRD patterns were very similar. Therefore, smaller angle high-resolution XRD scans
were used to compare and quantify the crystallinity ofthe films. In the selected X-ray
scan range from 27° to 38°, four peaks are observed, namely, (321) at 27.8°, (400) at
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29.7°, (420) at 33.3°, and (422) at 36.6° . Among these peaks, (420) dominates the X-ray
diffraction with an intensity 2-5 times higher than the other three peaks. The prediction
profile for the XRD data is shown in Figure 4-3. As can be seen, the XRD integrated
intensity stays about the same with increasing substrate temperature, and decreases with
increasing substrate bias, and decreases with increasing 02 flow rate. Again, statistical
analysis also gives an equation to predict XRD integrated intensity as a function of the
three factors. The equation is predicted as follows:
XRDintegratedintensity=164057- 27.5* V + 2.286* T -86135* Q{O2 )
+ (V - 50)* (T - 362.5)* 0.0658+ (V -50)* (Q(0i ) -1.5) * 583+ {T - 362.5)* (Q(0i ) - 1.5) * 82.274
The 02 flow rate also has the largest multiplicity factor indicating that 02 flow
rate is the most significant factor for XRD integrated intensity. The negative sign means
the negative effect on XRD intensity. The effect ofeach single factor was also compared
with DOE predicted results. Observed XRD intensity data from the single factor studies
are also consistent with statistically predicted data from the full factorial design, as shown
in Figure 4-3.
4.2.1.1 Substrate Temperature Effect

As observed, substrate temperature slightly enhances CL efficiency, while it does
not significantly affect XRD integrated intensity. Typically increasing the substrate
temperature increases the film quality because the thermal energy enhances surface
mobility ofarriving species. But apparently in this work, the post-deposition anneal
which is at higher temperature and longer time dominates the resultant crystallinity ofthe
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films. The fact that films deposited at 700°C were amorphous as-deposited supports this
fact. It is interesting that the CL response to the higher substrate temperature is
significant. High resolution scanning electron microscopy revealed that the higher
substrate temperature results in microscopic roughening on the surface ofthe films. As
can be seen in Figure 4-4 a) and b), the SEM images show that the film deposited at high
temperature has some microscopic roughening which is believed to enhance the out
coupling or scattering ofthe UV photons generated in the film relative to the films
deposited at room temperature. Figure 4-5 a) shows a CL image (and an inset with the
secondary electron image ofthe same region) ofthe sample deposited at room
temperature and no bias. The CL image is formed by scanning the electron beam and
measuring the collected light associated with each pixel. Therefore, bright and dark
regions correspond to pixels ofhigh and low CL efficiency, respectively. The localized
CL efficiency is a function ofthe intrinsic material efficiency and the out-coupling
efficiency ofthe film. For the room temperature deposited film, the film is relatively flat
and shows very low CL contrast on the film surface, which indicates that there is little
light scattering on the surface. The high deposition temperature induces localized
roughening, and consequently increases surface scattering, as revealed in Figure 4-5 b).
Note that the bright regions in the CL image correspond to the "rough" topology
illustrated in the SE image. Therefore, the high temperature improves CL efficiency due
to higher light scattering.
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Figure 4-4 : High Resolution SEM images of surface roughness of YAG:Gd thin films: a)

OV bi<1:5/Room temperature (RT); b) OV bais/700C; c) 1 OOV bias/RT; d) 1 OOV bias/700C.
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Figure 4-5: Cathodoluminescence (CL) images ofYAG:Gd thin films: a) 0V bias/RT,

5000x; b) 0V bais/700C, 5000x; c) 1 00V bias/RT, 5000x; d) 1 00V bias/700C 500x. Note:
The top left inserted images are secondary electron images at same magnifications.
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4.2.1.2 0 2 Flow Rate Effect

There are two competing mechanisms that the 02 flow rate has on the film
stoichiometry, film structure, and subsequently the CL efficiency. One mechanism is
target oxidation at higher 02 flow rate, the other one is the difference in Y-0 and Al-0
re-sputtering rates caused by negative ion re-sputtering (NIR).
The EDS results for various 02 flow rates are shown in Table 4-2 below. The
table reveals that as the 02 flow increases, the oxygen content increases and the yttrium
and aluminum concentration decreases. With increasing oxygen flow, the YAG films get
supersaturated with respect to oxygen, which is likely due to reactive atomic oxygen
which is generated by the plasma. When comparing the Y /Al ratio, there is a slight
increase in the ratio from 1.3 to 1.4 seem 02 , and then a systematic drop at 1.5 and
precipitous drop at 1.6 seem 02 . To explain this phenomenon, two mechanisms appear to
be operative: 1) preferential aluminum re-sputtering from negative ions created at the
yttrium target, and 2) cross-over from metallic to reactive mode at the yttrium target (i.e.
yttrium target oxidation or poisoning). To illustrate this point, the yttrium and aluminum
target oxidation curves were measured at their respective powers and are shown in
Figure 4-6. The yttrium target is completely oxidized at 1. 7sccm 02 flow rate and starts

to oxidize at slightly lower 02 flow rates. At an 02 flow rate of l.6sccm, the yttrium
target is likely partially oxidized which is consistent with the sudden drop in the Y/Al
atomic ratio shown in Table 4-3. The Al target oxidation curve shows that the Al target is
not oxidized until the 02 flow rate reaches a value greater than 2.Ssccm. Concurrent with
the yttrium target oxidation, the increasing 02 flow rate also enhances 0- negative ion re96

Table 4-2 : Film composition at different 02 flow rates.
02 flow rate
(seem)

0 (at%) (at%) �1 (at%)

Y/Al ratio

1.3

58.45

16.08

25.46

0.63

1.4

61.53

15.55

22.92

0.68

1.5

65.48

12.70

21.83

0.58

1.6

80.40

3.17

16.43

0.19
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Table 4-3: The composition as a function of substrate bias.

Substrate bias (V)

0 (at%)

Y (at%)

Al (at%)

0

60.03

1 5.39

24.58

50

60.49

14.58

24.94

1 00

6 1 .53

1 5.55

22.92

1 50

62.33

14.39

23.28
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sputtering effects which can affect the film chemistry, crystallinity, and the optical and
3
electrical material properties 1 62 · 1 6 . Briefly, negative ion resputtering occurs by the
production ofnegative ions at a target surface, which are subsequently accelerated
through the dark-space, and eventually re-sputters the deposited film. Oxygen negative
ion re-sputtering has been observed in many films as the activation energy for the process
is ascribed to the difference ofthe ionization potential ofthe cation species and the
electron affinity ofthe anion species. Because it is suspected that oxygen negative ions
are formed at the yttrium surface, the O" -Y2031 o--AhO3 re-sputtering ratio was
estimated by using a Monte-Carlo TRIM 1 64 simulation. Using the self-bias voltage of the
yttrium target, the ion energy was estimated to be about 225eV (neglecting any scattering
in the plasma). Using this ion energy, the sputter yields of 0- negative ion for Y2O3 and
AhO3 were estimated to be 0.74 _and 1.11, respectively. From this, the 0--Al I 0--Y re
sputtering ratio was determined to be 1.5. This suggests that aluminum is preferentially
re-sputtered from the grown films. That is, NIR has a tendency to increase YIAl ratio. In
the range from l .3sccm and l .4sccm of02 flow rates, where the yttrium target oxidation
is not severe, it is speculated that the NIR effect dominates; therefore, the YIAl ratio
slightly increases from 0.63 to 0.68. Subsequently, the yttrium target oxidation becomes
more severe and the yttrium sputter rate decreases precipitously, hence the YIAl ratio
decreases. When the 02 flow rate reaches 1.6sccm, the yttrium target is nearly fully
oxidized. Consequently, the YIAl ratio dramatically decreases down to 0.19. Figure 4-7
illustrates how the YIAl ratio changes as a function of02 flow rate.
Negative ion resputtering induces structure defects due to an atomic shot peening
effect similar to what occurs during bias sputtering 1 8. In extreme cases, the deposited
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thin film can be amorphized during growth or have a net negative sputtering rate 165 •
Preferential target oxidation can lead also lead to a stoichiometry deviation in a multi
component reactive sputtering process. Both effects alter the stoichiometry and film
structure and, in our study, decrease the CL efficiency and the degree of crystallinity of
the films. Overall, as 02 flow rate increases, the oxygen atomic concentration gets higher.
This can result in more cation vacancies20 and these defects likely cause the
decrease in the CL efficiency and XRD integrated intensity.
4.2.1.3 Substrate Bias

As shown in Figure 4-1 and Figure 4-3, substrate bias improves CL efficiency
but slightly decreases XRD integrated intensity. Substrate bias increases the near-surface
plasma density, therefore, increases oxygen incorporation in the films 166 • As listed in
Table 4-3, the composition measured by EDS shows the 02 atomic concentration in

YAO films slightly increases with increasing substrate bias.
While the oxygen concentration increased slightly with increasing bias, the
increase is much less pronounced when compared to increasing oxygen flow rate.
Consequently, the supersaturation induced by bias sputtering is much less severe and has
a smaller effect on the XRD integrated intensity and CL efficiency. In addition to
facilitating oxygen incorporation, substrate bias also induces energetic-particle
bombardment during film deposition, which promotes higher density and can also
enhance the surface roughness of the films. Surface roughening can improve the extrinsic
CL efficiency in thin films by increasing the out-coupling of the light 1 67 • As illustrated in
Figure 4-4 c) and d), the substrate bias enhances the microscopic surface roughness in
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the YAG films. The enhanced surface roughness as described earlier and illustrated in
Fi gure 4-5 b) and c), enhances the light scattering and results in a higher CL efficiency.

In addition, the substrate bias appears to be significantly changing the thin film stress
because a more macroscopic roughness due to film buckling and cracking is observed in
the lower resolution (note the different scale bar) secondary electron and CL images in
Fi gure 4-5 d). From Figure 4-5 d), the macroscopic roughening is also significantly

enhancing the light out-coupling. In summary, substrate bias enhances both macroscopic
and microscopic roughening in films, consequently increases the surface roughness of the
films. The enhanced microscopic surface roughness is speculated to facilitate light out
coupling via anomalous diffraction (particle or grain size << A). This increase in the out
coupling efficiency appears to dominate the reduced crystallinity observed for the films
that were deposited under bias sputtering conditions.
In summary, the effect of 02 flow rate, substrate temperature, and substrate bias
has been investigated and the composition, crystallinity, morphology, and CL properties
ofY3Al5 O 12 :Gd have been correlated. It was determined that low 02 flow rate, high
substrate temperature, and bias sputtering are the conditions that lead to the highest CL
efficiency of YAG:Gd thin films. The low oxygen flow rates are necessary to maintain
stoichiometric YAG films and lead to good crystallinity. With increasing 02 flow rate
two competing mechanisms (negative ion re-sputtering and yttrium target oxidation)
appear to affect the composition of the YAG:Gd thin films. Increasing substrate
temperature increases the CL intensity and has a negligible effect on the XRD intensity.
Enhanced surface roughness and enhanced light out-coupling via anomalous diffraction is
speculated to be responsible for the observed increase in the CL efficiency. Substrate
1 03

bias slightly degrades the XRD intensity, however similar to substrate temperature, the
enhanced surface roughness appears to compensate for the reduced crystallinity and
improves the CL efficiency relative to un-biased and room temperature deposited
samples.

4.2.2 Total Pressure Study of YAG:Gd Thin Films
Based on the analysis of the Gd-doped YAG films under the design of
experiments (DOE), an optimum condition should consist of high substrate bias and low
0 2 fl.ow rate. Considering that the substrate temperature has a negligible effect on film
quality and luminescence efficiency, the films in this study were deposited at room
temperature. Specifically, to investigate the effect of total sputter pressure on the films
properties, the sputtering parameters in the afore-described DOE were fixed. In this case,
the substrate bias, substrate temperature and 0 2 flow rate were kept at 100V, room
temperature and 1.3sccm, respectively. Yttrium and aluminum target powers were 80W
and 141W (slightly increased Al power due to target erosion), respectively. The total
pressure varied from 2 to 6 mTorr with an increment of 1 mTorr. As-deposited Y AG:Gd
films fabricated at all pressures were amorphous and did not show appreciable
luminescence. The Gd-doped Y AG films were annealed at 1000C for 10 hours and will
be characterized and discussed in this section.
Figure 4-8 shows the x-ray diffraction patterns of the Gd-doped thin films at

various total pressures. As it can be seen, the annealed Y AG:Gd films deposited at 2, 3,
and 4 mTorr show a (112) yttrium aluminum perovskite (YAP or Y AlO3 ) peak at 34.25
besides the YAG peaks, YAG (420), (400), (321), (422) and (431) peaks, in the range of
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20 from 26° to 40° . While the intensity of the dominant YAG (420) peak decreased very
slightly as total pressure increased from 2 to 4 mTorr, the YAG (420)NAP (112) peak
ratio remained the same in this range. This roughly indicates a similar YAGNAP phase
content in the three films. As the total pressure continued to increase, the YAP (112) peak
started to diminish quickly. At 5 mTorr, the YAP intensity was noticeably lower than
those of the films deposited at the first three pressures. The film deposited at 6 mTorr,
with no appreciable YAP peak observed, showed a pure YAG phase.
To better understand the phase transformation of the YAG:Gd films under
different total pressures, EDS spectra were taken to quantify the composition of the films,
especially to determine the Y /Al atomic ratio, and to subsequently correlate the XRD
results discussed earlier in this section. As demonstrated in Figure 4-9, the Y/Al ratios
were higher than the stoichiometric Y/Al ratio in pure YAG, 0.6, and stayed constant
from 2 mTorr to 4 mTorr. The ratio then dropped to 0.65 at 5 mTorr, and to 0.6 at 6
mTorr, respectively. This indicated that the increased total pressure helped improve the
stoichiometry of the YAG:Gd films. When the films were annealed and started to
crystallize, the relatively high Y/Al atomic ratio induced the YAP phase to form, which is
consistent with the binary phase diagram of Y203 -Ah03 . The film deposited at 5 mTorr
had less YAP phase due to its lower Y/Al ratio. When the Y/Al ratio reached 0.6, for
instance the films deposited at 6 mTorr, only a pure YAG phase was observed. In another
words, the film composition was well correlated to the phase content observed in the
XRD results.
The reason total pressure changes film composition is because total pressure
during sputtering modifies the plasma density, especially the energy distribution density
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of positive ions. As total pressure increases, although ionization efficiency gets higher,
and the mean free path of ions decreases, consequently more scattering collisions such as
charge exchanges and elastic collisions occur, as a result, the deposition rate decreases
with increasing total pressure. Under complicated circumstances, for instance, in multi
component films deposition, such as YAG films, the resultant film composition depends
strongly on the difference in deposition rate decrease due to increasing total pressure. In
this case, it can be speculated that total pressure has larger effect on Y203 or Y deposition
rate than on AhO3 or Al, especially when the pressure is relatively high. Figure 4-10
shows the deposition rate ofY 2O3 decreases slightly faster than that ofAhO3 as total
pressure increases.
The effect oftotal pressure on deposition rate can also be demonstrated by the
change oftarget self-bias voltages. Usually, a higher pressure decreases the target voltage
or the potential of targets. Figure 4-11 shows the Y and Al target voltages as a function
oftotal pressure. Compared to the slight decrease ofAl target voltage, the Y target
underwent a more severe loss in target voltage. In the mean while, the oxygen partial
pressure increases with the higher total pressure, thus the tendency of target poisoning or
oxidation increases. In YAG film deposition, it was noticed that the Y target is much
easier to be oxidized than Al target. However, considering that the deposition rate of
Y203, as shown in Figure 4-10, did not decrease dramatically and Y /Al ratio was
reasonably high at 6 mTorr, the Y target is not fully oxidized.
It is noteworthy that the Y /Al atomic ratio went off-stoichiometry at a total pressure
of 3 mTorr. In the previous section a total pressure of 3 mTorr resulted in pure YAG
films at an appropriate 02 flow rate. This is again due to the fact that the yttrium
1 08
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and aluminum targets had eroded to different levels, which changed the local plasma
density due to the magnetic field distribution of the magnetrons. More specifically, the
increased local plasma density around the yttrium target is higher than that around Al
target, which increases yttrium sputtering rate more than Al sputtering rate. Therefore,
the Y/Al atomic ratio at 3 mTorr in this case is larger than the ratio mentioned earlier.
Figure 4-12 is a plot of the CL spectra at various total pressures. These CL spectra were
taken at 5 keV and sample currents were kept at 5 µA. As illustrated in Figure 4-12, CL
intensity at 3 1 2 nm wavelength corresponding to Gd 4f-4f intra-band transition decreases
as the total pressure changes from 2 to 4 mTorr, then increases when total pressure
increases further.
As it can be seen, the films deposited at 5 mTorr and 6 mTorr had the highest CL
intensity. This can be attributed to the change in composition and subsequent phase
transformation in the Gd-doped YAG films. One can speculate that the presence of
second phase of YAP induces more non-radiative recombination due to inactive Gd sites
and effectively decreases the luminescence of the films. When the second YAP phase
content decreases, the CL intensity increases and reaches a highest value for a pure YAG
film. The calculated CL power efficiencies based on observed light output and the
corresponding CL spectra illustrate the change in luminescence property more
realistically. Figure 4-13 shows the CL power efficiency as a function of total pressure.
Adjusted by the measured light output, the CL power efficiency stays at a similar and low
value for films deposited at 2, 3 and 4 mTorr, and then increases obviously as total
pressure continues to increase. This is consistent with the Y/Al ratio plot and XRD
patterns at various total pressures.
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Similarly, the photoluminescence (PL) properties of the YAG:Gd films at
different total pressures were examined to verify the effect on CL properties ofthe total
pressure. The PL spectra shown in Figure 4-14 indicated PL intensity at 3 1 2nm slightly
decreases with increasing total pressure up to 4 mTorr and then turns to increase as total
pressure increases to 6 mTorr. Figure 4-15 plotted the integrated PL intensity as a
function oftotal pressure. The triangles confirmed the trends illustrated in Figure 4-14.
Compared to the drastic changes in composition, XRD intensity and CL efficiency
discussed previously due to increase oftotal pressure, the PL integrated intensity changes
much smaller. This is because PL intensity is also a function offilm thickness other than
film quality. Usually, thicker films enhance PL intensity due to larger interaction volume
which is regardless offilm thickness in the case ofCL. As demonstrated earlier in Figure
4-10, increasing total pressure decreases the deposition rate ofY203 and Ah 03 ,

consequently decreases the thickness ofYAG films. Therefore, the differences in film
thickness at various total pressures need to be considered. Figure 4-15 also shows the
integrated PL intensity per unit film thickness as a function oftotal pressure. As can be
seen, integrated PL intensity per unit film thickness is similar for those films deposited at
2, 3 and 4 mTorr, and then increased significantly with increasing total pressure to 5 and
6 mTorr. This phenomenon is consistent with those discussed earlier.

4.3

Parameters Optimization of YAG:Cr Thin Films
A 23 full factorial design ofexperiments (DOE) was also conducted to determine

the effects ofthe sputtering parameters on YAG:Cr thin films. To achieve the optimum
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composition determined by the combinatorial synthesis discussed in Chapter 3, i.e.,
YAG:0.69%Cr, the rf powers of yttrium, aluminum, and chromium targets were
determined to be 80W, 1 64W, and 30W, respectively. It is worthy to note that because
the optimum Cr concentration is very low, the Cr target is only intermittently turned on.
Specifically, the Cr target power was applied for 1 8 seconds every 1 0 minutes, with a
total Cr co-sputtering time of 90 seconds during the 50 minute total sputter time. This
yielded -0.69 at% Cr concentration. The reactive gas mixture during deposition was
maintained at a total pressure of 3mTorr.
The 2 3 full factorial design of experiments (DOE) of YAG:Cr films is shown in
Table 4-4. In this table, the high (+) low (-) levels of substrate bias are 1 00V and 0V,

substrate temperatures are 600°C and room temperature, and oxygen flow rates are 1 .4
and 1 .3sccm, respectively.
Again, the substrates were rotated during deposition and the Y, Al, and Cr were
all co-sputtered to realize a homogeneous film. The observed PL data and XRD
integrated intensities for each film are shown in Table 4-4.
Statistical analysis shows that all the three factors have significant effects on PL
efficiency. The PL integrated intensity of 687nm peak increases with increasing
substrate temperature, increasing substrate bias and decreasing oxygen flow rate.
Statistical analysis also gives an equation to predict PL integrated intensity as a
function of the three factors. PL integrated intensity can be expressed as follows:
PL integrated intensity = 624970 + 865 * V + 1 9.4 * T - 438400 * Q(0 2 )
+ 1 0478.8 * (V - 50) * ( Q(0 2 ) - 1 .35)
where V is the substrate bias, T is the substrate temperature, and Q(02) is the oxygen flow rate.
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Table 4-4: The 2 3 full factorial design of experiment for co-sputtered YAG:Cr thin
films and the observed PL integrated intensity of 688nm peak and XRD integrated
intensity of the 2 3 full factorial design.
Substrate
Substrate

Oxygen Flow

PL integrated

XRD integrated

Temperature

Run
Bias (V)

(OC)

Rate (seem)

intensity (a.u.)

intensity (a. u.)

1

0 (-)

60448

. 1 00 (+)

1 .3 ( -)
1 .3 ( -)

3 592 1 9

2

25 (-)
25 (-)

7960000

3444 1

3

0 (-)

600 (+)

566798

4 1 470

4

1 00 (+ )

5790000

35 1 44

5

0 (-)

600 (+)
25 (-)

1 .3 (-)
1 .3 ( -)
1 .4 (+)

502 1 04

44984

6

1 00 (+ )

25 (-)

1 .4 (+)

2080000

3 0927

7

0 (-)

600 (+)

1 .4 (+)

709 1 25

48499

8

1 00 (+ )

600 (+)

1 .4 (+)

2030000

30927
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It can be seen from the above equation that PL integrated intensity is a strong function

of substrate bias, substrate temperature and 02 flow rate. Among these three factors, 02
flow rate is the only factor that has a negative effect on PL integrated intensity.
Meanwhile, 02 flow rate has the largest multiplicity factor which means 02 flow rate is
the most significant factor for PL integrated intensity. To generate the predicted
formula for the PL integrated intensity, the interaction between substrate bias and 02
flow rate has to be taken into account. The predicted PL integrated intensity initiated
from the full factorial study is shown in Figure 4-16.
Considering the XRD integrated intensity as a response, the same statistical
analysis was conducted. The four main YAG peaks (32 1 ) at 27.8° , (400) at 29.7° , (420)
at 33.3 °, and (422) at 36.6°, were taken into account. The prediction profiler for the
XRD data is shown in Figure 4-17. As can be seen, the XRD integrated intensity stays
about the same with increasing substrate temperature, and decreases with increasing
substrate bias, and decreases with increasing 02 flow rate. Again, statistical analysis
also gives an equation to predict XRD integrated intensity as a function of the three
factors. The equation is predicted as follows:
XRD integrated intensity = 40855 - 7995.25 * V - 1 845 * T - 2020.75 * Q(0 2 )
+ (V - 50) * (T - 3 1 2.5) * 2020.75 + {T - 3 1 2.5) * (Q(0 2 ) - 1 .35) * 2723.75

The substrate bias, instead of 02 flow rate, has the largest multiplicity factor
indicating that it is the most significant factor for XRD integrated intensity. The
negative sign indicates the negative effect on XRD intensity or film crystallinity. This
is again counter-intuitive as the bias had a positive effect on the PL intensity. It is
1 19
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again suspected that the microscopic and macroscopic roughening of the biased films
increases the light out-coupling efficiency. The relatively small multiplicity factors of
substrate temperature, 02 flow rate and the interactions indicate their less significant
effect on film crystallinity. The explanation for the effects of sputtering parameters when
depositing Y AG:Gd films in previous section can also be applied to the case of Y AG:Cr
thin films. The reason that the 02 flow rate affects the XRD intensity to a lesser degree
for the Y AG:Cr is likely due to the fact that the flow rate was slightly lowered to mitigate
the chromium target oxidation.
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Chapter 5 : Photoluminescence Temperature
Dependence of Doped YAG Thin Films
5.1

Introduction
The luminescence of rare-earth ions due to intra-4f band transitions is well known

to show sharp and intense peaks, which makes rare-earth ion doped materials a good
potential being used in optoelectronic devices. Some combinations of host materials and
rare-earth ions have been experimentally verified to demonstrate sharp
photoluminescence (PL) peaks at low temperatures. However, thermal quenching
phenomenon appears to rapidly decrease photoluminescence intensity at higher
temperatures above -1 00K 1 68 •
There is a strong and well-established correlation of the photoluminescence decay
time with temperature. Namely as the temperature decreases, the decay time increases
because of the "freezing out" of thermally induced non-radiative pathways. Similarly,
there is a strong correlation between the PL intensity and temperature which can
elucidate which competing non-radiative pathways are operative in a material. In this
chapter, PL intensity versus temperature data are presented and non-radiative activation
energies are extracted and correlated to the transverse optical phonon energy of the YAG
crystal.
Gd3+ ions have the largest distance between the first excited level (6P112) and the
ground state ( 8 S 712) of -32000 cm- 1 (3 1 2 nm) among the trivalent lanthanum ions from
1 23

+

+

+

Ce3 through Yb3 . Due to this unique feature of Gd3 ions and the wide band gap of
YAG host, Gd-doped YAG is a promising candidate as a UV light emitter. However,
there have been very few studies on YAG:Gd materials. In previous chapters, Gd-doped
YAG thin film synthesis, concentration optimization and process optimization have been
discussed. In this chapter, the PL temperature dependent behavior will be described. PL
emission spectra of Gd-doped YAG thin films deposited by rf magnetron sputtering were
taken at various temperatures in the range of 15-300K.
The PL temperature dependence of Cr-doped YAG thin films will be subsequently
be discussed.

5.2

PL Temperature Dependence of YAG:Gd Thin Films
To study the PL temperature dependence, a Gd-doped YAG sample (DOE No.3 in

Chapter 4) was examined. The excitation source used was a xenon lamp that has a double
grating monochrometer, which was used to determine the optimum excitation wavelength
of 275 nm. PL spectra were taken using a Specs spectrometer equipped with a
photocounting detection system and using a double grating monochrometer. Low
temperatures measurements were achieved using an Advanced Research Systems (ARS)
cold finger which uses a liquid helium re-circulator.
The normalized PL spectra of the YAG:Gd thin film at temperatures from 15K to
270K are given in Figure 5-1. Each PL spectrum shows a sharp luminescence peak at
312nm due to intra-4f band emission. The intensity of this peak decreases with increasing
temperatures.
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Figure 5-1 : PL emission spectra ofYAG:Gd thin films as a function of temperature.
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As illustrated in Figure 5-2, the PL integrated intensity of Y AG:Gd thin films is a
strong function of temperature. The total integrated PL emission intensity rapidly
decreases at temperatures above -11OK. This can be due to a significant increase in the
non-radiative recombination at temperatures above -11OK.
To understand the observed thermal quenching phenomenon, the basic expression
for radiative efficiency as a function of temperature 11(T) is given by 169 :
17 (T) = Ir =

10

WR (T)
WR (T ) + WNR (T )

(5 -1)

where h is the luminescence intensity at temperature T (Kelvin), Io is luminescence
intensity at OK, and WR(T) and WNR(T) are the radiative and non-radiative recombination
rates at temperature T, respectively. WR can be expressed by the temperature dependent
expression (an Arrenhnius relationship) using the following:

-E

WNR (T ) = W0 exp(-)
kT

(5 - 2)

where Wo is of the order of the lattice vibrational frequency, E is the activation energy of
non-radiative recombination, k is Boltzman's constant and T is temperature. Substituting
equation 5-2 into equation 5-1, the following expression of h as a function of
temperature is obtained:
Ir -

lo

-E

l + A exp(-)
kT

(5 - 3)

where A=Wo/WR(T). From the above expressions, the non-radiative recombination rate
increases with temperature. It is widely accepted that the radiative recombination rate,
compared to the non-radiative recombination rate, is temperature insensitive. This
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suggests that the ratio A in equation 5-3 is a constant. From equation 5-3, it can be seen
that the radiative efficiency decreases as the temperature increases due to an increase in
the non-radiative recombination rate.
Fitting equation 5-3 to the ln(Io/h-1) versus 1/T data in Figure 5-3 results in an
activation energy of 24.7 meV and an A value of 2.08. The estimated activation energy is
in good agreement with the previously reported quenching activation energy for Gd3
6p

112-

s8

112

+

..
1
transition, -20 mey 1 0 .

The energy difference between the excited state Gd ion and the conduction band
of the YAG is unknown because the exact position of the Gd energy levels is not known.
It is doubtful, however, that the excited state is - 25meV near the conduction band edge.
The non-radiative activation energy is close in energy to reported longitudinal
optical (LO) and transverse optical (TO) phonon energy modes of YAG 1 7 1 . According to
the Frolich interaction 1 69 , electrons couple better to LO phonons so it is suggested that the
Gd ions resonate with the YAG lattice which has two phonon energies in this range;
namely at 22.5 and 28.2 meV. Accordingly, with increasing temperature, the electron
phonon coupling causes excited state electrons to leave the Gd dopant and non
radiatively recombine and consequently decrease the integrated PL intensity.

5.3

PL Temperature Dependence of YAG:Cr Thin Films
To study the PL temperature dependence, the best Cr-doped YAG sample (DOE

No.4 in Chapter 4) which shows highest emission at 688nm wavelength was used. The
normalized PL spectra of the YAG:Cr thin film at temperatures from 15K to 298K are
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shown in Figure 5-4. Each PL spectra consists of sharp zero-phonon R-lines and their
sidebands, especially at low temperatures. A broadband emission starts to appear and mix
with the R-line emissions and their sidebands at high temperatures, for instance, above
1 20K in this case. While the main PL peaks decrease with increasing temperatures, the
intensity of the broad band increases as temperature increases. To determine whether the
sharp zero-phonon R-line emission is due to 4Ti-4A2 or 4E2-4A2 , the data of the zero
phonon R-line positions (Ezp) of the 4T2 and 4E2 states calculated by Hong et al 1 72 were
used. The zero-phonon R-line positions (Ezp) of the 4T2 and 4E2 states ofYAG:Cr were
calculated to be 1 5 1 47 cm- 1 (660.2 nm) and 1453 1 cm- 1 (688.2 nm), respectively. From
Figure 5-4, it can be seen the sharp zero-phonon R-line emission at room temperature

was located at 688.5 nm which is very close to the calculated position. It is believed that
the emission of Cr-doped YAG thin films is due to 4E2 -4A2 transition, instead of 4Ti-4A2
transition. Figure 5-4 also shows a slight red-shift of the sharp zero-phonon R-line
emission with increasing temperature. Specifically, as temperature increases from 1 5K to
298K, the position of R-line emission due to 4E2-4A2 transition shifts from 687 nm to
688.5 nm. This is again in very good agreement with the data calculated by Hong et al 1 72 .
The zero-phonon R-line positions (Ezp) of the 4E2 state of YAG:Cr was calculated to be
14558 cm- 1 (686.9 nm).
As illustrated in Figure 5-5, the PL integrated intensity of YAG:Cr thin films
strongly depends on temperature. The total integrated PL emission intensity in the range
of 66 1 nm to 740 nm was found to rapidly decrease at temperatures above l l OK. This
suggests that the non-radiative recombination plays an important role for temperatures
above 1 1 0K.
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Fitting equation 5-3 to the ln(Io/h- 1 ) versus 1/f data in Figure 5-6 results in an
activation energy of 25.2 meV and an A value of 1 .44. Again, it is doubtful that the
excited state of the chromium emission is in close proximity to the YAG conduction band
edge, so the 25.2 meV activation energy is attributed to electron-phonon coupling
discussed previously.
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Chapter 6: Conclusions
6. 1

Combinatorial Synthesis of Gadolinium and Chromium
doped YAG Thin Films
A pure YAG phase was achieved by using rf magnetron reactive sputtering and

appropriate post heat treatment. A combination of 8OW for yttrium target, 1 3OW for
aluminum target, and a total pressure of 3 mTorr gas mixtures with 25 seem argon and
1 .4 seem oxygen flow rate resulted a Y3Al 5012 stoichiometric thin film which was
verified by EDS and XPS. XRD patterns of the YAG films annealed at 1 OOOC for 1 0
hours showed only YAG peaks with a dominat peak of YAG (420) at a 20 of 33.33 ° .
Gadolinium-doped YAG thin films and chromium-doped YAG thin films were
synthesized in a combinatorial fashion. Gadolinium-doped YAG thin films emit at 3 1 2
nm due to 8 S 712 - 6P712 intrashell 4f-4f transition which is in ultraviolet (UV) region.
YAG:Cr thin films have red emission at 687 nm due to 4A2 - 4 E2 transition.
The combinatorial thin film sputtering technique rapidly determined the gadolinium
and chromium concentration that yielded the optimum luminescence intensity. It was
determined that YAG:Gd thin films have a cathodoluminescence (CL) emission peak at
3 1 2 nm wavelength and it was determined the gadolinium concentration in the YAG thin
films had a significant effect on CL intensity. A gadolinium concentration of -5.5 at%
resulted in a maximum CL intensity. Similarly, a chromium concentration of -O.69 at%
contributed to the optimum PL intensity of YAG:Cr films. The observed concentration
135

quenching phenomena were attributed to two different effects due to increased dopant
concentration. For instance, for YAG:Gd thin films, as Gd concentration increases, there
are more Gd activators available for excitation. Meanwhile, the increased neighbor Gd
Gd sites due to increased Gd concentration induce non-radiative energy transfer of the
exited state gadolinium activators, which are recombined at non-radiative centers. At low
concentrations, the first effect overwhelms the second effect which is negligible.
Consequently, CL intensity or efficiency simply increases with increasing concntration.
However, when Gd concentration reaches -5.5 atomic percent, energy transfer to non
radiative recombination sites induces concentration quenching. Similarly, for YAG:Cr
thin films, as the Cr concentration increases up to 0.69 atomic percent, the PL intensity
increases. When the Cr concentration is higher than 0.69 atomic percent, non-radiative
recombination dominates and the PL intensity decreases. The observed lower optimum
Cr concentration than optimum Gd concentration in YAO films indicates that energy
transfer among the Cr sites is more effective than the Gd sites.

6.2

Sputter Parameter Optimization of Gadolinium and
Chromium-doped YAG Thin Films
Based on the determined sputtering conditions that resulted in the optimum

luminescence Gd and Cr concentrations, a 23 full factorial design of experiments (DOE)
was conducted to investigate the effects that substrate temperature, substrate bias, and
oxygen flow rate have on the CL properties and the crystallinity of YAG:Gd and YAG:Cr
thin films. Subsequently, the composition, crystallinity, morphology, and CL properties
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of Y3 Al 5O1 2 :Gd were correlated. The results of the DOEs were analyzed by statistical
methods and an optimum sputtering condition for each thin film system was determined.
Single factor studies for each of the variables, substrate temperature, substrate bias, and
oxygen flow rate, verified the DOE results.
For YAG:Gd thin films, DOE results showed that increasing 02 flow rate decreases
both CL efficiency and film crystallinity, substrate temperature slightly improves CL
efficiency and has a negligible effect on XRD intensity, and substrate bias enhances CL
efficiency but decreases XRD intensity.
The 02 flow rate has two competing effects on the film stoichiometry, film
structure, and subsequently the CL efficiency. One is the yttrium target oxidation at
higher 02 flow rate, the other is the difference in Y-O and Al-O re-sputtering rates caused
by negative ion re-sputtering (NIR). While Y/Al ratio decreases due to yttrium target
oxidation as 02 flow rate, the NIR effect changes Y/Al ratio preferentially decreases the
f

f

Al concentration. A Monte-Carlo TRIM simulation indicated that the f -Y2 OJ/ f -AhO3
f

re-sputtering ratio was estimated to be 0.74 and 1 . 1 1 , respectively. That is, the f -Al I 0-
y re-sputtering ratio was determined to be 1 .5. This suggests that aluminum is
preferentially re-sputtered from the grown films. Consequently, NIR has a tendency to
increase Y/Al ratio. Eventually, with increasing 02 flow rate these two competing
mechanisms appear to affect the composition of the YAG:Gd thin films and subsequently
decrease film CL efficiency and XRD intensity. It was noticed that the low oxygen flow
rates are necessary to maintain stoichiometric YAG films and lead to good crystallinity.
Typically increasing the substrate temperature increases the film quality because the
thermal energy enhances surface mobility of arriving species. But in our case, the post1 37

deposition anneal which is at higher temperature and longer time dominates the resultant
crystallinity ofthe films. The fact that films deposited at 700°C were amorphous as
deposited supports this supposition. Therefore, substrate temperature does not
significantly affect XRD integrated intensity. SEM images showed that the film deposited
at high temperature has some microscopic roughening which is believed to enhance the
light out-coupling or scattering ofthe UV photons generated in the films relative to the
films deposited at room temperature. CL images demonstrated that the high substrate
temperature induces localized roughening, and consequently increases surface scattering.
Therefore, the high temperature improves CL efficiency due to higher light scattering.
Substrate bias increases the near-surface plasma density, therefore, increases
oxygen incorporation in the films and subsequently decreases XRD intensity. The
substrate bias enhances the microscopic surface roughness in the YAG films. The
enhanced surface roughness enhances the light scattering and results in a higher CL
efficiency. In addition, the substrate bias appears to be significantly changing the thin
film stress because a more macroscopic roughness due to film buckling and cracking. In
another words, substrate bias enhances both macroscopic and microscopic roughening of
the films. The enhanced microscopic surface roughness is speculated to facilitate light
out-coupling via anomalous diffraction. This increase in the out coupling efficiency
appears to dominate the reduced crystallinity observed for the films that were deposited
under bias sputtering conditions.
Overall, it was determined that low 02 flow rate, high substrate temperature, and
bias sputtering are the conditions that lead to the highest CL efficiency ofYAG:Gd thin
films.
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The effect of total pressure of the Ar/02 gas mixture on CL efficiency and XRD
intensity was also investigated. Films deposited at higher total pressures showed better
CL efficiency than films deposited at lower pressures. EDS results indicated that the total
pressure changes film composition. This is because total pressure during sputtering
modifies the plasma density, especially the energy distribution density of positive ions.
As total pressure increases, although ionization efficiency gets higher, and the mean free
path of ions decreases, consequently more scattering collisions such as charge exchanges
and elastic collisions occur, as a result, the deposition rate decreases with increasing total
pressure. The changed film composition subsequently affects the phases present in films.
High total pressures resulted films with single phase YAG, while the films deposited at
low pressures had a second phase, YAP. As observed, the YAP phase content increases
as total pressure decreases. Therefore, it was speculated that the presence of second phase
of YAP induces more non-radiative recombination due to inactive Gd sites and
effectively decreases the luminescence of the films. The CL efficiency of the YAG:Gd
thin films deposited at different total pressures has been well correlated to the
corresponding film composition, phases present, and target self-bias. Similarly, a 2 3 full
factorial design of experiments (DOE) was conducted to investigate the effects that
substrate temperature, substrate bias, and oxygen flow rate have on the PL properties as
well as the crystallinity of YAG:Cr thin films. Statistical analysis indicated that the
effects of above parameters on YAG:Cr films were similar to those on YAG:Gd films.
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6.3

Photoluminescence Temperature Dependence of Doped
YAG Thin Films
To study the PL temperature dependence ofYAG:Gd thin films, the film was

excited by a xenon lamp source at a wavelength of275 nm. PL low temperature
measurements were taken at temperatures from 15K to 270K using a Specs spectrometer
equipped with a photocounting detection system and using a double grating
monochrometer. The PL integrated intensity ofYAG:Gd thin films is a strong function
oftemperature. The total integrated PL emission intensity rapidly decreases at
temperatures above -11 OK. This thermal quenching phenomenon can be due to a
significant increase in the non-radiative recombination at temperatures above -11OK. An
activation energy of24.7 meV and an A value of 2.08 were estimated by fitting the PL
data versus temperature. The non-radiative activation energy is close in energy to
reported longitudinal optical (LO) and transverse optical (TO) phonon energy modes of
YAG. According to the Frolich interaction, electrons couple better to LO phonons so it is
suggested that the Gd ions resonate with the YAG lattice which has two phonon energies
in this range; namely at 22.5 and 28.2 meV. Accordingly, with increasing temperature,
the electron-phonon coupling causes excited state electrons to leave the Gd dopant and
non-radiatively recombine and consequently decrease the integrated PL intensity.
Similarly, the PL temperature dependent behavior ofYAG:Cr film was
investigated. The observed sharp zero-phonon R-line emission ofYAG:Cr film is
believed to be due to 4Ei-4A2 transition, instead of4Ti-4A2 transition. A slight red-shift of
the sharp zero-phonon R-line emission was observed with increasing temperature. The
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total integrated PL emission intensity was found to rapidly decrease at temperatures
above 1 1 OK. This suggests that the non-radiative recombination plays an important role
for temperatures above 1 1 OK. An activation energy of 25 .2 meV and an A value of 1 .44
were obtained by fitting PL data versus temperature. Again, it is doubtful that the excited
state of the chromium emission is in close proximity to the YAG conduction band edge,
so the 25.2 meV activation energy is also attributed to electron-phonon coupling.
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Chapter 7 : Future Work
7.1

Combinatorial Synthesis of Gadolinium and Chromium
doped YAG Thin Films
In chapter 3, the combinatorial thin film sputtering technique was used to rapidly

determine the optimum gadolinium and chromium concentration that yielded the highest
luminescence intensity. The observed lower optimum Cr concentration than optimum Gd
concentration in YAG films indicates that energy transfer among the Cr sites is more
effective than the Gd sites. To better understand this, a series of comparative study on
transition metal-doped and rare-earth metal-doped YAG thin films is proposed. Those
+

transition metals that have close ion radii to Al3 and those rare-earth metals whose ion
+

radii are close to that of y3 will be good candidates. By doing so, the substitution
mechanisms of dopants may be understood better as well. Considering EDS is a semi
quantitative technique, a more accurate composition analysis tool such as x-ray
fluorescence (XRF) could be used to more accurately determine the film composition,
especially dopant concentration.
In addition, a study of the annealing behavior of YAG films would be worthwhile to
conduct. A better combination of annealing temperature and annealing time may be
achieved. Specifically, a lower anneal temperature is desired unless the anneal time is not
too long.
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Cerium-doped YAG thin films are a promising candidate in scintillation materials
and solid state lighting because YAG:Ce has various emission in visible region so it can
be used as a sensitizer and an down-conversion source for blue LED to generate white
light. It would be interesting to study YAG:Ce and multi-ions-doped YAG films such as
YAG:Gd, Ce and YAG: Ce, Cr to investigate the energy transfer from Gd to Ce or from
Ce to Cr.

7.2

Sputter Parameter Optimization of Gadolinium and
Chromium-doped YAG Thin Films
In chapter 4, the 23 full factorial design of experiments (DOE) successfully

determined the effects of substrate temperature, substrate bias, and oxygen flow rate on
the CL properties as well as the crystallinity of YAG:Gd and YAG:Cr thin films. To
consider parameters such as Ar flow rate and total pressure, a full factorial design of
experiments would not be efficient. Therefore, a fractional factorial design of
experiments to include these parameters would be instructive.
As can be seen, the range of oxygen flow rate where yttrium target is maintained in
metallic mode is relatively narrow. This is because yttrium target becomes oxidized
easily even at a small oxygen partial pressure. To avoid yttrium target poisoning and to
expand the process window, several approaches could be investigated. These include
using getters to trap the reactive gas to reduce the amount reaching the target, using
conductance-limiting baffles between the target and substrate, controlling the gas
composition relative to the metal sputtering rate with the use of mass spectrometric
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sensors in a feedback mode, and creating a second plasma near the substrate to activate
the oxide-forming reactions. A relatively simple way is to increase power applied to
yttrium target so that yttrium target keeps in metallic mode at higher oxygen flow rate.
Certainly, the powers applied to other targets such as Al and Cr/Gd would need to be
raised accordingly.

7 .3

Photoluminescence Temperature Dependence of Doped
YAG Thin Films
In chapter 5, the PL temperature dependent behaviors ofYAG:Gd and YAG:Cr

thin films were investigated by taking low temperature measurements at temperatures
from 1 5K to 270K. An initial analysis on non-radiative activation energies was conducted.
To understand the PL temperature dependence of YAG:Gd and YAG:Cr thin
films better, the energy difference between the excited state dopant ion and the
conduction band of the YAO, or the exact position of the Gd energy levels needs to be
determined. It is also important to determine whether the non-radiative activation energy
is due to longitudinal optical (LO) phonon energy mode ofYAG or due to transverse
optical (TO) phonon energy mode ofYAG. A study ofthe electron-phonon coupling
effect would be very helpful.
Since the band structure of host materials is critical to the optical property, a
comparative study ofhost materials could be conducted. For Gd-doped films, host
materials would include YAG, YAP, and Y 20 3 because Gd ions usually sit in Y ions sites.
For Cr-doped films, host materials would include YAO, YAP, and AhO3 because Cr ions
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usually sit in Al ions sites. A thorough investigation of the effects of host materials on the
film optical property and thermal quenching temperature would be enlightening.
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